North American monsoon precipitation and its precursors: processes at the seasonal and diurnal scale by Gaynor, Nicole
c 2013 by Nicole June Schier Gaynor.
NORTH AMERICAN MONSOON PRECIPITATION AND ITS PRECURSORS:
PROCESSES AT THE SEASONAL AND DIURNAL SCALE
BY
NICOLE JUNE SCHIFFER GAYNOR
DISSERTATION
Submitted in partial fulllment of the requirements
for the degree of Doctor of Philosophy in Atmospheric Sciences
in the Graduate College of the
University of Illinois at Urbana-Champaign, 2013
Urbana, Illinois
Doctoral Committee:
Associate Professor Stephen W. Nesbitt, Chair
Professor Robert Rauber
Professor Atul Jain
Dr. Brian Jewett
Abstract
The Weather Research and Forecasting (WRF) model was run at 100 km, 25 km, and
10 km resolution for the 2000 and 2004 monsoon seasons (July-September), a dry year and a
wet year. These years were chosen to represent contrasting precipitation outcomes to assure
that results were robust across dierent monsoon conditions. Model precipitation was com-
pared to precipitation from the Modern-Era Retrospective Reanalysis (MERRA), the North
American Regional Reanalysis (NARR), and Tropical Rainfall Measuring Mission (TRMM).
Then WRF, MERRA, and NARR were used to investigate the relationships between pre-
cipitation and the other moisture budget variables, the large-scale ow, and atmospheric
stability on the seasonal and diurnal scales.
On both the seasonal and diurnal scale, ow was key to the location and intensity of
precipitation. In 2004, the subtropical high over the south-central United States was about
300 km west of its location in 2000 at 700 hPa. The shift was also evident in vertically-
integrated moisture ux, which then changed the pattern and intensity of moisture ux
convergence (MFC), convective available potential energy(CAPE) and convective inhibition
(CIN), and precipitation over Mexico and the Gulf of California. Over Arizona and New
Mexico, transient disturbances, like tropical waves, were more important than the diurnal
cycle to precipitation. Despite similar spatial distributions of precipitation, WRF, NARR,
MERRA, and TRMM showed very dierent frequencies of light and heavy rain. Such uncer-
tainty in the character of rainfall can impact a variety of stakeholders and decision makers
across the NAM region.
The WRF model tended to produce heavier precipitation across the NAM region compared
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to MERRA, NARR, and TRMM as a result of stronger MFC and higher CAPE, especially
over the Gulf of California. Beyond the resolution needed to adequately reproduce the Baja
California and Gulf of California, higher model resolution tended to increase and localize
the heaviest rainfall to the highest terrain, accentuating the dierence between WRF and
TRMM-observed rainfall.
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1. Introduction
The North American Southwest remains an area of great concern when it comes to precip-
itation. Rainfall is a valuable commodity in this semi-arid to arid region|one that climate
projections imply may be in danger in the future|and is an important contribution to en-
vironmental and societal water resources. Most North American Monsoon (NAM) locales
receive 50-80% of their annual rainfall during the monsoon (Gochis et al. 2006).
The Intergovernmental Panel on Climate Change (IPCC) fourth assessment report (AR4)
anticipates a drier NAM region with more extreme precipitation events as a result of global
climate change. The AR4 states that global climate models (GCMs) reproduce large-scale
aspects of the current and past climate. However, precipitation and regional projections,
like those that pertain to the NAM, are uncertain largely due to insucient spatial scale
(Christensen et al. 2007). Several studies have noted that increasing model resolution can
signicantly change model results and improve the simulation of regional climate, especially
in regions with complex terrain like the NAM (e.g., Collier and Zhang 2007; Gent et al.
2009).
The NAM possesses few consistent seasonal characteristics because it is highly dependent
on transient conditions at multiple scales (e.g., McCollum et al. 1995; Barlow et al. 1998;
Fuller and Stensrud 2000; Higgins and Shi 2001; Nolin and Hall-McKim 2006; Gochis et al.
2007). However, a few bulk features emerge from prior work. Over Mexico, precipitation
tends to be primarily convective and closely tied to the Sierra Madre Occidental (SMO) and
diurnal cycle (e.g., Hales 1972; Douglas et al. 1993; Stensrud et al. 1995; Nesbitt et al. 2008).
Over Arizona and New Mexico (AZNM), precipitation is more variable and has been linked
to transient moisture uxes, often associated with Gulf of California (GoC) moisture surges,
and other synoptic forcing such as tropical easterly waves and waves in the mid-latitude
westerlies, and tropical cyclones (e.g., Hales 1972; Brenner 1974; Carleton 1985; Schier and
Nesbitt 2012).
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July, August, and September are the peak precipitation months over the monsoon core in
Mexico (e.g., Douglas et al. 1993; Reyes et al. 1994). Nolin and Hall-McKim (2006) found
that dry monsoon years do not show clear periodicity over AZNM, but wet years do. The
average date of monsoon onset varies with latitude, from mid-June near Puerto Vallarta to
early to mid-July over Arizona, but it can vary considerably from year to year (Douglas
et al. 1993; Higgins et al. 1999). The monsoon recedes around mid-September (Ellis et al.
2004; Vera et al. 2006). Precipitation recycling rates up to 25% (due to evaporation) are
most common in the southern portion of the domain (Dominguez et al. 2008)
Numerous studies have found that precipitation in the NAM core relies heavily on diurnal
slope ows and sea breezes (e.g., Li et al. 2004; Nesbitt et al. 2008). Berbery (2001) described
the basic diurnal cycle over each subregion of the NAM (see chapter 3 for more detail).
Though the eect of the diurnal cycle is stronger over Mexico, the diurnal slope ows and
patterns of convergence and divergence modulate precipitation initiated over AZNM by
larger scale transients (Berbery 2001; Svoma 2010).
This study used a process-based approach to nd out how model resolution aects the
simulation of NAM precipitation and how the treatment compares between wet and dry
monsoon seasons. The 2000 and 2004 seasons were chosen as dry and wet seasons, respec-
tively, based on seasonal NARR precipitation totals over the entire NAM domain as listed
in table 2 of Dominguez et al. (2008) and the availability of high-resolution satellite-based
precipitation observations.
The moisture budget was chosen to look at some of the underlying drivers of precipita-
tion in an attempt to identify the physical processes underlying dierences in preciptation
between dierent model resolutions, between the model and reanalysis and observed data
sets, and between moist and dry years.
Berbery (2001) proposed a typical moisture budget for the region based on Eta model
reanalyses. Water evaporates from the surface of the GoC. The afternoon sea breeze and
upslope ow carry the moisture onshore and up the western slopes of the Sierra Madre
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Occidental (SMO). Moisture ux convergence develops in the peaks, sparking convection.
Overnight and into the early morning the circulations reverse, moving moisture ux con-
vergence toward the GoC, where it rains in the morning. Berbery (2001) further stated
that convergence maxima are collocated with precipitation maxima. (Nesbitt et al. 2008)
corroborated this process using observations from the North American Monsoon Experiment
(NAME) in 2004.
Regarding southern Arizona, Berbery (2001) found that the diurnal cycle of moisture
ux convergence was reversed, with convergence at night and divergence during the day.
The diurnal cycle in the Southwest is less well dened (Carleton 1985). Douglas (1995),
among others, found that the nocturnal low level jet over the northern GoC helps transport
moisture into the Southwest. A possible mechanism to spark precipitation over Arizona and
New Mexico is the GoC surge, a rush of low-level cool, moist air up the long axis of the GoC
into the southwest via southern Arizona (Hales 1972; Brenner 1974).
This document is organized around the seasonal and diurnal time scales of monsoon pre-
cipitation. Chapter 2 looks at the seasonal cycle and averages and the distribution of pre-
cipitation intensity over AZNM and Mexico. It discusses the physical processes underlying
dierences in precipitation and the moisture budget on the synoptic scale between wet and
dry monsoon seasons and the eect of model resolution on these processes. Chapter 3 does
the same at the diurnal scale. Chapter 4 summarizes the ndings at both scales and briey
reviews their implications and directions for future work.
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2. North American Monsoon precipitation and its pre-
cursors, Part I. Seasonal time scale
a. Introduction
Any change in North American Monsoon (NAM) precipitation is signicant because most
NAM locales receive 50-80% of their annual rainfall during the monsoon. Variations in
the onset and total rainfall in the NAM can signicantly impact the annual water resource
budget (Gochis et al. 2006).
Processes from synoptic to convective scales modulate the NAM and monsoon convection
feeds back to the large-scale pattern over the region (Douglas and Englehart 2007; Englehart
and Douglas 2006; Stensrud 2013). Because organized convection and a strong diurnal cycle
have been closely tied to topography in the NAM, coarse-resolution models have little skill in
modeling NAM precipitation and its underlying processes over the Gulf of California (GoC)
and surrounding topography, including GoC surges (Adams and Comrie 1997; Christensen
et al. 1998; Arritt et al. 2000; Yang et al. 2001; Meehl et al. 2006; Rowe et al. 2008).
1) NAM moisture budget and fluxes
As an arid to semi-arid region, moisture is often the limiting factor in NAM precipitation.
The distribution and transport of water vapor is vital to NAM processes and has been
hotly debated over the last several decades. The source of moisture has been particularly
contentious. Evaporation from land and water surfaces may be an important local source,
while distant bodies of water like the Gulf of Mexico (GoM) and Pacic Ocean may also
provide moisture via atmospheric moisture uxes (e.g., Adams and Comrie 1997; Berbery
2001; Bosilovich 2003; Dominguez et al. 2008).
Several studies using data from the Climate Model Intercomparison Project Phase 5
(CMIP5) have indicated that the monsoon onset may shift from early summer to late summer
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and most foresee a reduction in total monsoon season rainfall as greenhouse gases increase
in the atmosphere (e.g., Seth et al. 2013; Cook and Seager 2013). Cook and Seager (2013)
attributed the shift to out-of-phase changes in moist static energy in the mid-troposphere
and near the surface. Stability related to the the increase in moist static energy at mid-
levels peaked in June, whereas moisture near the surface and convective energy peaked in
September and October due to increased low-level moisture convergence.
Geil et al. (2013) noted that the highest resolution CMIP5 models are still too coarse to
capture small-scale NAM processes. (Gianotti et al. 2013) determined that daily variations
are responsible for 70% or more of the year-to-year variations in summer and fall seasonal
precipitation over most of Arizona and New Mexico, a temporal scale that is dicult for
global models to resolve. Global models tend to produce too little heavy rain and too much
light rain (e.g., Dai 2006; Deng et al. 2007).
The most apparent and robust changes were in the core NAM region and southern Mexico
(Cook and Seager 2013). Pre-monsoon drying aected the entire region in future simulations.
However, historical simulations were drier than CMAP estimated observed precipitation
over the NAM core March-September, and wetter over Arizona and New Mexico March-
September and across the whole monsoon domain September-November. Sheeld et al.
(2013) showed that on average the models produced a phase lag in seasonal precipitation and
had trouble bringing the monsoon season to a close, largely because of low-level circulation
features and moisture ux (Geil et al. 2013).
Bukovsky et al. (2013) stressed the importance of process-based evaluation in modeling
studies. When they dynamically downscaled global models to 50 km using regional models,
there was substantial variation in the seasonal precipitation rate. The skill of the RCM
was highly dependent on the quality of the initial and boundary conditions, though the sign
of the dierence in precipitation between the model and the NCEP reanalysis was often
consistent across the monsoon domain. Precipitation over Arizona was particularly dicult
for the RCMs to capture. One model produced no monsoon signal. The diculty was
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attributed in part to large dierences in the magnitude and even direction of low-level winds
(and hence moisture ux) along the GoC. Despite these biases, the RCMs did improve the
overall spatial distribution of precipitation.
2) Improving moist processes using higher resolution
The Intergovernmental Panel on Climate Change (IPCC) fourth assessment report (AR4)
anticipates a drier NAM region with more extreme precipitation events as a result of global
climate change. The AR4 states that global climate models (GCMs), most of which have
horizontal resolution around one degree or coarser, reproduce large-scale aspects of the cur-
rent and past climate. However, precipitation and regional projections are uncertain largely
due to insucient spatial scale (Christensen et al. 2007).
As part of NAME, (Higgins and Gochis 2007) hypothesized that improved large-scale
dynamics depends on proper simulation of smaller-scale variability and some synoptic scale
transients like tropical cyclones, the Madden-Julian Oscillation, and tropical easterly waves,
that are poorly depicted in GCMs (Gutzler et al. 2005; Emanuel et al. 2008; Lin et al. 2008;
Gutzler et al. 2009).
Increased horizontal resolution notably improved simulations of NAM precipitation and
dynamics in several studies, although it may not improve the seasonal cycle and it used
more computational resources (e.g., Leung and Qian 2003; Leung et al. 2004; Mo et al. 2005;
Meehl et al. 2006; Collier and Zhang 2007; Lin et al. 2008). Better results may be due to
better resolved processes as much as better resolved terrain, particularly near mountains
(Gao et al. 2006; Gent et al. 2009).
Doubling the horizontal resolution of the NCEP Global Forecast System (GFS) model
resolution from 2.0 to 1.0 improved simulation of NAM dynamics because the model could
resolve the GoC or the Sierra Madre Occidental (SMO), important players in land-sea con-
trast and orographically-induced rainfall (Mo et al. 2005). The 1.0 run still simulated a
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drier Southwest and weaker monsoon over northwestern Mexico, much like the results cited
in the AR4. Monsoon moisture came from the eastern Pacic directly rather than surges up
the GoC. More than doubling the number of vertical levels in the model had little eect on
the moisture transport.
Qian et al. (2010) found that the east Asian monsoon required grid spacing less than
50 km to adequately represent rainfall over the Sri Lankan central mountain range, a small-
scale mountainous area that tops 3500 m at its peak. Gao et al. (2006) suggested at least
60 km resolution in eastern Asia, still far from the 100 km resolution used in global models.
Stensrud et al. (1995) reproduced some of the regional features important to NAM, like
southerly low-level ow over the GoC, diurnal cycle of convection, and slope ows over the
SMO, using MM4 at 25 km resolution.
Downscaling a global model or reanalysis using a regional model has shown promise in
contributing to better hydrological impacts estimates with lower computational cost (e.g.,
Kim and Lee 2003; Saleeby and Cotton 2004; Leung et al. 2004; Castro et al. 2007a,b).
Tselioudis et al. (2011) found that 50 km and 11 km RCMs nested in a 200 km GCM
increased precipitation mainly over mountains, somewhat counteracting a dry bias in GCMs.
The majority of the dierence is due to greater variation and higher peaks in regional climate
model terrain.
In light of the possibly dire eects of climate change, more thorough assessment of the
eects of resolution are needed, especially in mountainous and coastal regions like the NAM.
One of the goals of NAME was to enhance understanding and modeling of the evolution
of moisture uxes and coastal processes (Higgins and Gochis 2007). This research uses the
Weather Research and Forecasting (WRF) model to explore the role of model resolution in
modulating NAM precipitation and moisture budget on the seasonal scale and how simu-
lated quantities compare to satellite-observed precipitation and reanalysis precipitation and
moisture budget.
Section b. explains the methods and data used in the study, including the model setup.
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Sections c. and d. outline and discuss the results at the seasonal time scale and section e.
summarizes the ndings. In section 3, we consider the diurnal time scale.
b. Data and methods
The 2000 and 2004 monsoon seasons (July-September) were the focus of this study. The
geographical domain under consideration was 15N-40N and 95W-120W in order to view
the dynamics surrounding the NAM (Fig. 1). Two regions were chosen for closer study over
the northern NAM in AZNM and the NAM core in Mexico (MEX). AZNM was dened
as 32N-34N, 108W-114W. Mexico was dened using two boxes to isolate land-based
processes: 24N-27N, 106W-108W, and 27N-30N, 108W-110W (see lower right panel
of Fig. 1).
1) WRF model
The Weather Research and Forecasting (WRF) model, version 3.4, was used to simulate
two monsoon seasons over the NAM region. The model parameters were as follows (as in
Lo et al. 2008): WSM 6-class microphysics scheme with graupel, Dudhia radiation, Monin-
Obukhov (Janjic Eta) surface layer physics, Noah land-surface model for surface physics,
MYJ (Eta) TKE boundary layer physics, and Kain-Fritsch (new Eta) cumulus physics (Kain
2004). Sea surface temperatures were updated every three hours and monthly varying albedo
was used to reect realistic changes in these quantities over the simulated time period.
In the vertical the model had four soil layers and forty-two atmospheric layers that were
concentrated in the lower atmosphere to attempt to resolve low-level ow and moisture that
are important to NAM precipitation.
The choice of cumulus parameterization can have a large impact on precipitation in the
NAM and no package is clearly the best (Gochis et al. 2002; Xu and Small 2002; Liang et al.
2004). The Kain-Fritsch cumulus scheme was chosen because it allows for more realistic en-
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trainment/detrainment in convection and better accounts for ice processes, despite a history
of inated precipitation amounts (Gochis et al. 2002).
Dominguez et al. (2008) used the entire monsoon region to assess the wetness of a monsoon
season. Because precipitation tends to be much heavier over Mexico than Arizona and New
Mexico, rainfall in Mexico likely played a larger role in their analysis. The 2000 season was
a particularly dry monsoon and 2004 was a wetter monsoon (Dominguez et al. 2008). The
2004 season was also the most well-observed monsoon ever because of NAME (Gochis et al.
2007). Results from the rst and second NAME Model Assessment Project (NAMAP and
NAMAP2) indicated that precipitation dierences among modeled and observed datasets is
related to dierent maximum rain rates more than daily precipitation frequency, indicating
that seasonal scale averages are sucient to examine modeled precipitation characteristics
(Gutzler et al. 2009).
Continuous WRF runs with horizontal resolutions of 100 km, 25 km, and 10 km were per-
formed for each year using the North American Regional Reanalysis (NARR) for boundary
and initial conditions. Boundary conditions were applied every three hours. Sea surface
temperature was updated every month. The horizontal resolutions span from that available
in contemporary GCMs to the highest resolution that does not explicitly simulate convec-
tion. The terrain for each model run is shown in Fig. 1 with annotations for topographic
features and state names annotated on the 25 km and 100 km terrain, respectively. The
regions used for spatial averaging are noted on the 10 km terrain map.
The grid size and time step for each run are summarized in table 1. The model was initiated
on June 15 and run through the end of September for each year. Only July, August, and
September (JAS) were used for analysis to ensure sucient spin-up time and consistency
with prior studies of the NAM rainy season (Adams and Comrie 1997).
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2) Precipitation data
To evaluate WRF precipitation, we used the Tropical Rainfall Measurement Mission
(TRMM) 3B42 version 7 Multi-Sensor Precipitation Analysis, which provides spatially con-
tinuous, three-hourly, 0.25 resolution data from 1998 to the present. TRMM 3B42 data
combines the average precipitation rate over the three hours (centered on the time stamp
of the data) from infrared and passive microwave satellite-based measurements, which are
rescaled to monthly rain gauge totals on a 0.25 grid (Human et al. 2007).
Most prior studies relied on the National Oceanographic and Atmospheric Administration
Climate Prediction Center (CPC) Unied Rain Gauge precipitation dataset over the United
States and Mexico. Although the gauge data set is temporally longer, it relies on sparse
operational rain gauge networks in Mexico and does not include measurements over water.
TRMM tends to underestimate higher rain rates and errors can be high on short time scales
(<5 days), but TRMM improves upon satellite-only CMORPH estimates on the seasonal
and annual time scales compared to ground-based gauges and radar estimates (Tian et al.
2007; Wang and Wol 2012).
3) Reanalysis data
The domain chosen for this study allowed use of the North American Regional Reanal-
ysis (NARR; Mesinger et al. 2006) as WRF boundary conditions rather than the oft-used
National Centers for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) Reanalysis (Kalnay et al. 1996). Though the NARR has known problems
with moisture budget over the NAM (Ruane 2010a,b; Schier and Nesbitt 2012), it was
chosen over prior reanalyses because: 1) it assimilates observed precipitation in addition to
the usual atmospheric observations incorporated into other reanalyses, and 2) it has 32 km
horizontal resolution, much ner than the 2.5 horizontal resolution of the NCEP/NCAR
Reanalysis. Finer horizontal resolution is important in mountainous areas like the NAM in
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order to resolve small-scale geographical features and precipitation.
NARR data are available every three hours from 1979 to the delayed present and were
applied as WRF boundary conditions every three hours. Mo et al. (2005, 2007) found that
NARR reasonably captures the large-scale features of the NAM, but makes the GoC low-
level jet too strong. NAMAP2 model runs showed that global and regional models have
gotten better at simulating precipitation over Mexico since the North American Monsoon
Experiment (NAME) Model Assessment Project (NAMAP) even though the models still
do not replicate the low level jet (Gutzler et al. 2009). However, large-scale dynamics and
thermodynamics, like the monsoon high and atmospheric moisture, must be realistic in the
boundary conditions to expect accurate rainfall (Mo et al. 2005; Castro et al. 2007b; Gutzler
et al. 2009). For this reason, nudging was not in our simulations used inside the model
domain so WRF physics were less bound to errors in the NARR (Becker and Berbery 2008;
Ruane 2010a).
Selected variables from the WRF model, in addition to precipitation, were compared to the
NASA Modern Era Retrospective-Analysis for Research Applications (MERRA; Rienecker
et al. 2011). Its native resolution is 0.50.67. Three-dimensional elds are available at a
reduced resolution of 1.251.25. Three-hourly averages were used throughout this study
to match TRMM and WRF. The Goddard Earth Observing System version 5 (GEOS-5)
model was used to assimilate observations for the analysis (Rienecker et al. 2011). Data are
available from 1979 to the present.
Higher precipitation rates in MERRA than in TRMM over the NAM region are related to
the water vapor tendency produced by GEOS-5 data assimilation, but uncertainty in TRMM
observations over the NAM prevents labeling it as an model bias (Wong et al. 2011). Light
precipitation in MERRA is known to be too widespread in space and time throughout
the diurnal cycle, which leads to errors in downward shortwave radiation (Reichle et al.
2011). (The so-called "constant drizzle" problem is ubiquitous among global models (Dai
2006).) Despite these problems, MERRA signicantly improved the atmospheric portion of
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the hydrological cycle compared to previous reanalyses (Rienecker et al. 2011). Between the
reanalyses, MERRA is the more reliable for process studies because of its closed moisture
budget with no residual term.
It is also worth noting that NARR, MERRA, and TRMM precipitation are not completely
independent of one another in that they all assimilate Special Sensor Microwave/Imager
(SSM/I) data in some form and MERRA and TRMM also incorporate TRMM Microwave
Imager (TMI) measurements.
4) Methods
This study seeks to explain the role of the moisture budget in modulating the magnitude
of rainfall during the NAM at a variety of model resolutions. The focus is on the seasonal
cycle and seasonal averages.
The seasonal average was calculated for the entire domain. Regional subsets were used to
calculated the Mexico and Arizona-New Mexico (AZNM) time series lines. Time is in days
after July 1.
(i) Moisture budget
The moisture budget can be calculated using (e.g., Yanai et al. 1973):
1
g
@
@t
Z
qdp  1
g
Z
 r  qV dp = E   P;
where the integrals are evaluated over the depth of the atmosphere, g is gravitational accel-
eration, q is specic humidity, p is pressure, V is the horizontal wind vector, and E and P
are the surface evaporation and precipitation ux, respectively. Over the specied area, the
rst term on the left side is the time rate of change of precipitable water (PW). The second
term is the horizontal moisture ux convergence (MFC).
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MERRA provides variables for vertically integrated MFC, the PW tendency, E, and P
such that the moisture budget becomes
(
dqv
dt dyn
+
dqv
dt phys
+
dqv
dt ana
) MFC = E   P;
where dqv
dt
is the time-dependent change in specic humidity for the dynamic, physical,
and analysis components of MERRA. MFC was calculated as a residual of the other three
quantities in WRF only. For WRF the equation changes to
1
R
ztopX
zbottom
pqv
Tv
dz  MFC = LHFacc
Lv
  (Pc + Pnc);
where z is height, R is the universal gas constant, p is pressure, Tv is the virtual temperature,
LHFacc is the accumulated latent heat ux, Lv is the latent heat of vaporization, Pc is
convective precipitation, and Pnc is non-convective precipitation. The sum was done from
the bottom to the top of the model. MFC was again calculated as a residual. Three-hour
accumulations of Pc, Pnc, and LHFacc were used to ensure consistency with reanalyses. The
staggered vertical grid was used to dene layers over which to apply PW.
The NARR water budget includes a residual term, r, that accounts for discrepancies
between the modeled and assimilated precipitation and other model adjustments to close
the moisture budget (Ruane 2010a). It is on the order of 2-3 mm/day across much of the
monsoon region (Ruane 2010a; Schier and Nesbitt 2012).
Ruane (2010a) hypothesized that the NARR may be compensating for magnitudes of
moisture convergence and divergence that are too high. Precipitation assimilation reduced
precipitation in the NARR, leaving extra MFC and evaporation that are rolled in to the
model residual. The residual is large and negative over higher terrain in the NAM region,
meaning that precipitation is low compared to evaporation and MFC, and large and positive
from the mouth of the GoC southeastward along the Mexican shore, where precipitation
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exceeds evaporation and MFC. The residual is not included in this study because its process-
based origin is not clear.
Liquid and ice water were excluded from these calculations for simplicity. The moisture
budget was calculated every three hours from WRF, MERRA, and NARR data.
(ii) Moisture ux
Vertically integrated moisture ux vectors were calculated using a method similar to PW
in WRF:
MFLX =
 
1
R
ztopX
zbottom
pqv
Tv
V dz
!
;
where V is the two-dimensional wind vector. V was calculated as the average between
neighboring points on the staggered grid:

1
2
(ux + ux+1);
1
2
(vy+1 + vy)

;
where u and v are the x and y components of the wind, and x and y indicate the model
index of u and v.
MERRA and NARR explicitly provide vertically integrated moisture ux vectors.
(iii) Stability parameters
Convective available potential energy (CAPE) and convective inhibition (CIN) were calcu-
lated for each year to assess the role of atmospheric stability in NAM precipitation. Both of
these quantities were calculated using the wrf cape 2d function from the NCAR Command
Language (NCL). This function calculates CAPE as "accumulated buoyant energy from the
level of free convection (LFC) to the equilibrium level (EL)" and CIN as "accumulated neg-
ative buoyant energy from the parcel starting point to the LFC." A parcel is considered to
be a 500 m deep layer over which temperature and moisture are averaged for calculations.
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The LFC is calculated using the maximum equivalent potential temperature below 3000 m
above ground level.
(iv) Cumulative frequency and volumetric contribution
The cumulative distribution function of rain rate was calculated for the boxes shown in
Fig. 1 (MEX and AZNM) in each year to assess the frequency of precipitation magnitudes
throughout the season in these regions. This frequency included zero-precipitation time
periods and the rain rate along the x-axis was binned in 1 mm/day bins with each bin
counting the truncated average rain rate across MEX or AZNM. For example, anything
below 1 mm/day average rain rate was counted as 0 mm/day and between 1 mm/day and
2 mm/day was counted as 1 mm/day. A higher (lower) cumulative frequency indicates that
rain at or below the rain rate fell during more (fewer) of the 3-hourly time periods. The
cumulative volumetric rain rate contribution was also calculated as a function of rain rate
using the following formula:
wCDF =
# occurrences PP
# occurrences P ;
where wCDF is the weighted cumulative distribution function, # occurrences is the number
of time periods in the 1 mm bin and P is the rain rate along the x-axis. The wCDF gives the
volumetric contribution of rain rates at and below a given value. A higher (lower) weighted
cumulative frequency means that rain at or below the rain rate contributed more (less) to
the seasonal total rainfall.
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c. Results
1) Precipitation
(i) Spatial distribution
2000
To examine changes in the hydrologic cycle in the region, we rst examine patterns of seasonal
precipitation and their dierences over the broader NAM region. In g 2, seasonally averaged
precipitation for 2000 is shown for each of the three WRF runs at 100 km, 25 km, and 10 km
resolution in the top row, and the MERRA and NARR reanalyses and TRMMMulti-satellite
Precipitation Analysis along the bottom row. MERRA, NARR, TRMM, and all three WRF
runs showed similar patterns of NAM precipitation over land. A relatively heavy strip of
rain fell along the SMO from the northern edge of the Sierra Madre del Sur up to the middle
of the Chihuahua-Sonora border (see Fig. 1 for geographical references). However, some
key dierences are apparent. The heaviest rain rates tapered o more quickly in WRF and
MERRA on the eastern side of the SMO peaks than west of the rainfall maximum. TRMM
measured an almost symmetrical distribution of rain across the western and eastern slopes of
the SMO with the maximum precipitation less than 100 km west of the SMO peaks. The axis
of maximum rainfall laid directly over the SMO peaks in MERRA. In NARR and TRMM
the axis was a bit farther west. All the WRF runs produced a hybrid of the three, with the
southern portion west of the peaks like NARR and TRMM and the northern portion over
the peaks like MERRA.
NARR precipitation was overall much lighter in 2000 than WRF, MERRA, or TRMM,
particularly along the GoC and over Sonora. Peak rainfall only reached 3 mm/day over
the SMO, less than half the maximum in TRMM, a third of the maximum in MERRA,
and a quarter of the maximum in WRF. TRMM showed the most expansive 1 mm/day
contour followed by MERRA. The 3 mm/day isohyet in the 100 kmWRF run covered almost
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the same area as MERRA with precipitation but lled in more area within this contour
with higher rain rates. Increasing the model resolution to 25 km localized the heaviest
rainfall to the highest terrain in the SMO and expanded the area of moderate precipitation
northwestward across Chihuahua. The 10 km run further localized the precipitation and
also expanded precipitation above 3 mm/day across the coastal plain.
In 2000 over the GoC and southward along the western Mexican coastline, WRF produced
a long, thin precipitation maximum that was absent in the reanalyses and TRMM data. In
the 100 km run the approximately 25 mm/day maximum was conned to the mouth of the
GoC. At 25 km a larger, nearly 30 mm/day maximum hugged the Sinaloan coast and rainfall
in excess of 10 mm/day reached more than 200 km farther up the GoC. The spatial coverage
at 10 km was about the same as at 25 km. The maximum rain rate increased 4 mm/day
o the coast of southern Sinaloa. Farther to the south along the coastline by the Sierra
Madre del Sur, rain rates increased by nearly half or more with each jump in resolution
to a maximum near 40 mm/day at 10 km resolution. In MERRA and TRMM, the ITCZ
rainfall bulged northward to near the Sierra Madre del Sur at the same range of longitudes
as the location of the southern portion of the excessive rainfall in WRF. WRF, however,
only depicted this bulge at 100 km. At the two lower resolutions and in NARR, the ITCZ
rainfall bulged about 1000 km to the west in the higher resolution runs and WRF linked the
coastal precipitation to the bulge.
Land-based precipitation was also much more widespread and stronger across the Sierra
Madre del Sur and GoM in WRF. MERRA also depicted some heavier rainfall coincident
with the highest terrain, but NARR and TRMM showed relatively little rainfall across these
same areas.
Lighter, more disperse precipitation fell over AZNM and northward into Colorado and
the central Plains in all six cases compared to the core region of monsoon precipitation in
Mexico. As over MEX, high precipitation amounts were tied closely to terrain, particularly
the Mogollon Rim. The maximum was slightly oset northward in the 100 km WRF run
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because the highest terrain was oset as well (Fig. 1). At all resolutions, WRF produced
heavier and more widespread rain than MERRA or NARR. Lower rain rates in TRMM
covered about the same area as in the 100 km run, but the maximum rain rate barely
topped 2 mm/day (compared to more than 3 mm/day in the 100 km run and 4 mm/day
at 25 km and 10 km). The maximum rain rate in MERRA was similar to TRMM, but the
1 mm/day contour covered much less area. NARR showed sparse precipitation that was
lighter than 2 mm/day along elevated terrain in AZNM. All of the maps depicted somewhat
heavier precipitation along an arc into Colorado and the central Plains and almost nothing
in Texas except along the Gulf Coast.
Some of the dierences between the WRF runs were due to higher resolution in the
calculations, but terrain resolution also played a signicant role. When model resolution
increases, the time step of the model decreases and that can modify the rain rate in GCMs
(Mishra et al. 2008; Mishra and Sahany 2011). On the other hand, higher terrain resolution
has also been cited as a reason for more precipitation because the terrain becomes more
variable and the maxima increase, particularly in areas of complex terrain, by modifying
the surface energy uxes and local ow pattern (e.g., Giorgi and Marinucci 1996). In this
study, higher resolution in WRF increased the maximum precipitation rate across the entire
domain. Jumping from 100 km to 25 km resolution also increased the spatial extent of
precipitation across AZNM and the northern portion of MEX. This was probably because
the 100 km WRF run created a low isthmus separating a small sea from the GoC about
halfway up the actual Gulf because the Gulf is too small of a geographical structure to
accurately portray with 100 km grid cells (Fig. 1, upper left). Impacts of this on moisture
variables will be examined below. On the other end of the range of resolutions, the 10 km
run produced many ner-scale precipitation gradients related to peaks and valleys that were
invisible at 25 km or 100 km (Fig. 1, lower right).
To summarize, the general pattern of precipitation in WRF matched observations in WRF
and the reanalyses, though magnitudes varied. MERRA most closely matched TRMM-
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observed rain rates. WRF showed stronger and more widespread rainfall at 25 km and 10 km
resolution, particularly along the western Mexican coastline, while the 100 km run most
closely resembled TRMM observations. NARR depicted much less rainfall than MERRA,
TRMM, or WRF. Precipitation was closely aligned with terrain. The ITCZ seemed to
connect to the portion of the excessive precipitation that laid o the Sierra Madre del Sur
coast in WRF.
2004 and dierence between years
Though the basic pattern and relationships to terrain were the same in 2004 as in 2000,
rainfall above 1 mm/day was more widespread in 2004 than 2000 (Fig. 3). Rainfall covered
more of Texas and the central Plains in all WRF runs. WRF also appeared to shift pre-
cipitation eastward and weaken the maximum rain rate in all runs. MERRA, TRMM, and
NARR showed even greater increases than WRF in rainfall across Texas and the Plains.
NARR precipitation more closely matched TRMM in 2004 compared to 2000. MERRA and
WRF maintained a local minimum of precipitation less than 1 mm/day over Coahulia. O
the western Mexican shore precipitation rates greatly decreased in all WRF runs, though
precipitation up to 20 mm/day was simulated in the 25 km and 10 km runs. The 100 km
run closely resembled the oshore rainfall pattern shown in TRMM.
To compare a wet monsoon season (2004) in the core region near MEX to a dry monsoon
season (2000) in more detail, Here we compare the dierence between these two seasons by
plotting the dierences in seasonal average rainfall rate (Fig. 4). Rain rates from TRMM
measured up to 6 mm/day higher in 2004 compared to 2000 over most of Mexico north
of the Sierra Madre del Sur. In contrast, TRMM also measured up to 10 mm/day less
precipitation o the coast of the western Sierra Madre del Sur and up to 6 mm/day less
east of the Sierra Madre del Sur. Over most of AZNM and into Colorado the change in
precipitation was less than 1 mm/day positive or negative. Likewise, the GoC saw a mix of
mostly small changes in TRMM rainfall except for an area of greater increase in rain (up
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to 3 mm/day) o the southern Sonoran coast. Texas and the central Plains, however, saw
increases in precipitation similar in magnitude to those seen across most of Mexico.
NARR and MERRA portrayed similar precipitation dierences across the NAM region,
though the dierences tended to be larger in NARR. The pattern of precipitation changes
across the NAM and into the central Plains in NARR was similar to TRMM except along the
western Mexican shoreline and across Mexico south of approximately 20N. NARR depicted
increased precipitation over almost all land areas in the NAM, save a few spots of less
than 1 mm/day decrease in AZNM. Precipitation decreased by only 1-2 mm/day over most
water areas except the GoC and south of the Sierra Madre del Sur. The area of reduced
precipitation along the U.S.-Mexico border is a well known problem in NARR.
Increases in MERRA focused less on the SMO than in NARR and TRMM. Only a small
area in northwestern Durango showed more than a 1 mm/day increase. Over the Sierra
Madre del Sur the maximum increase exceeded 4 mm/day. Along the southern and northern
tips of the SMO precipitation actually decreased by up to 2 mm/day. Precipitation increased
over all of AZNM, almost all of Colorado, and all of the Plains in the map domain. Texas
saw the greatest increase, up to 3 mm/day more rain in 2004, but the locus of this increase
was 300 km farther south than in NARR or TRMM. The GoC saw less than 1 mm/day
change in rainfall. The northward bump in the ITCZ south of the Sierra Madre del Sur
produced up to 2 mm/day more rain in 2004 all the way up to the coast of Mexico.
By far the biggest changes in WRF, bigger than changes in MERRA, NARR, or TRMM,
occurred along and oshore of the Mexican coastline. The precipitation rate was more
than 10 mm/day lower in 2004 in some areas, a band of enhanced precipitation up to
20 mm/day still laid along the coast. The biggest dierences between 2000 and 2004 wet
seasons along the coast were collocated with the highest precipitation rates in 2000 at all
model resolutions. In the MEX region, rain rates generally increased in the 25 km and
10 km runs, especially in Sinaloa along the southern edge of the SMO precipitation nger.
At 100 km only Chihuahua saw increased precipitation of more than 1 mm/day. The rest
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of the SMO precipitation changed less than 1 mm/day. Rainfall decreased over Sonora and
Arizona and increased over New Mexico. Compared to TRMM, MERRA, and WRF, AZNM
precipitation changed in a similar manner with the biggest increases in eastern New Mexico
transitioning to small increases or decreases in western Arizona. Prior studies indicate
that moisture availability is likely responsible since it often limits precipitation in the area
(e.g., Adams and Comrie 1997; Berbery 2001; Bosilovich 2003). Rainfall increased from
2000 to 2004 over Texas and the central Plains in a slightly dierent pattern from TRMM
observations and the pattern changed with resolution. At 100 km the biggest increases
(above 2 mm/day) ran from the Texas panhandle northeastward to northwestern Missouri.
The swath of greatest increase was oriented more west-east at 25 km from the northwestern
edge of Texas into central Missouri. The 10 km run focused the precipitation increases over
Oklahoma, southern Kansas, and Missouri.
(ii) Seasonal time series
To examine the changes in more detail in the core region of the Monsoon over the SMO, we
plotted time series of regionally averaged precipitation from the three resolutions of WRF,
MERRA, NARR, and TRMM. Because the bounding boxes for spatial averaging over the
AZNM and MEX subregions were conned to land, the excessive o-shore precipitation did
not directly inuence statistics calculated in these regions. Note that the scales are dierent
for each region because the maximum precipitation magnitudes tend to be much lower in
AZNM than MEX.
MEX
Precipitation in the reanalyses, TRMM, andWRF was spread more or less evenly throughout
the season over MEX in 2000, portraying no obvious seasonal cycle (Fig. 5). As discussed
above, NARR precipitation fell far short of the rates in MERRA, TRMM, and WRF, usually
by at least 2-3 mm/day. WRF produced more precipitation throughout the season than
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MERRA, TRMM, or NARR and precipitation maxima tended to increase with higher model
resolution. MERRA, NARR, and TRMM depicted many of the same events, naturally, since
they share common data sources for precipitation. WRF also produced some similar events
that tended to reach higher rain rates and last longer. For example, the event that started
around day 24 of the simulation analysis period lasted about a week in NARR and TRMM
while the rain rate topped out near 6-7 mm/day. MERRA topped out near 9 mm/day
and precipitation near 6 mm/day lingered for a few more days. In WRF the maximum
precipitation rates ranged from 10 mm/day in the 100 km run up to nearly 15 mm/day
in the 10 km run with 25 km results in between. WRF took about a week to reach its
maximum rain rate|about the same amount of time the main part of the event lasted in
TRMM. The maximum rain rates also lasted several days in WRF, compared to a day or
two in NARR and MERRA and maybe three days in TRMM. Another example is the day
18 event (during which NARR showed little precipitation). MERRA and the 100 km WRF
run actually produced less rain than TRMM, and the 25 km and 10 km runs produced quite
a bit more. Event duration was about the same in the observations, reanalyses, and model,
but each event contributed up to 3-6 mm/day more, sometimes for a week or longer, to the
seasonal rain total in WRF. These results indicate that event magnitude and duration can be
quite dierent from TRMM and the reanalyses in WRF and that model resolution can play
a big role in intraseasonal variability. However, TRMM may miss the highest precipitation
rates for reasons that will be discussed at the end of section 3a.
Based on TRMM, the 2004 monsoon season produced more strong precipitation events
than the 2000 season over MEX (Fig. 6). In 2000, only one event topped 9 mm/day in
TRMM. In 2004, the TRMM precipitation rate topped 9 mm/day during ve events, two
of which exceeded 12 mm/day at their peaks. WRF likewise produced higher precipitation
rates in 2004, though the contrast between the years was not as great as in TRMM (except
for the single event around day 20 in 2004 in the 25 km and 10 km run when the precipitation
rate briey reached 20 mm/day). As in gure 3, NARR's precipitation rate was much closer
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to TRMM's in 2004
The dierence between the seasonal cycles was highly variable but centered approximately
on a single value throughout the season (gure not shown). This indicates that higher sea-
sonal precipitation in 2004 that was apparent on the seasonal maps was due to higher precipi-
tation rates throughout the season, not a few strong events. High variability in the dierence
between the seasonal cycles in observations, reanalyses, and the model also indicates that
total precipitation depends on many distinct events in addition to daily rainfall.
AZNM
WRF produced similar results over AZNM, particularly in the nal event that started around
day 54 (late August), though the rain rates were much lower than over MEX (Fig. 7). The
two higher resolution runs stayed close to TRMM for the rst week or so, but then both
nearly doubled their rain rates in a matter of a day and maintained high rain rates compared
to TRMM for more than a week before abruptly dropping to zero. Particularly the 10 km
run tended to produce higher rain rates than TRMM and the reanalyses across the period.
In contrast to MEX, NARR produced rain rates consistent with MERRA and TRMM over
AZNM. The 100 km run again produced rain rates less than the rain rates for MERRA,
TRMM, and even NARR through most of the season. Rain was more episodic over AZNM
than MEX, meaning that events were not simply enhancements to daily lighter rain as they
were over MEX. The wet season was also shorter in AZNM than MEX, as evidenced by the
slow increase in rain rate through July and the very low precipitation rates in most data
after day 62.
For the most part WRF more closely matched the duration and magnitude of events in
2004 compared to 2000, using TRMM as the reference. Only the event at day 62 was con-
sistently enhanced beyond TRMM in all WRF runs. The day 40 event exhibited uncommon
behavior in WRF compared to other events in the season in that the 100 km run barely pro-
duced any precipitation while the 10 km run increased the rain rate by more than 1 mm/day
23
over TRMM (a signicant amount when TRMM's rain rate did not reach 5 mm/day). The
last event of the season was also interesting in that TRMM measured higher rain rates than
WRF, MERRA, or NARR showed. The monsoon season did not seem to end abruptly in
early September in 2004 as it did in 2000. Like over MEX, the dierence between the sea-
sonal cycles indicates that the changes in precipitation rate were spread evenly throughout
the season and precipitation was highly event based over AZNM.
(iii) Cumulative distributions of rain rate
Figures showing the cumulative distribution function of rain rate were created for each
region in each year to assess the frequency of precipitation magnitudes throughout the season
and help determine the relative roles of light, moderate, and heavy precipitation. A higher
(lower) cumulative frequency indicates that rain at or below the rain rate fell during more
(fewer) of the 3-hourly time periods. Accompanying gures show the cumulative volumetric
rain rate contribution as a function of rain rate. A higher (lower) weighted cumulative
frequency means that rain at or below the rain rate contributed more (less) to the seasonal
total rainfall.
For the purposes of this discussion, light rain is dened as 1-10 mm/day, moderate as
10-20 mm/day and heavy as above 20 mm/day.
MEX
TRMM measured an average precipitation rate across MEX above 1 mm/day about half the
time in 2000; 90% of the time the rain rate was below 12 mm/day (Fig. 9). Among WRF
and the reanalyses, the distribution of precipitation magnitudes in MERRA was the most
similar to TRMM, though light rain was present more than 60% of the time in MERRA.
MERRA and TRMM had approximately the same magnitude distribution above the 90th
percentile of rain rate. Seasonal precipitation was much lower in NARR than MERRA,
WRF, or TRMM, and only about 40% of the time the average rain rate across MEX was
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more than 1 mm/day in NARR. The 90th percentile in NARR was 6 mm/day. Like in
MERRA, the average rain rate over MEX was above 1 mm/day more than 60% of the time
in WRF at 25 km and 10 km resolutions. The 100 km run simulated a regional average
rain rate above 1 mm/day about 60% of the time. More moderate and heavy precipitation
occurred over MEX in WRF than TRMM or the reanalyses. The 90th percentile in WRF
hovered around 21 mm/day in the 10 km run and around 17 mm/day in the 25 km and
100 km runs in 2000.
The 10% of the time that the rainfall was above 12 mm/day contributed about 40% of
the seasonal total rainfall (Fig. 10). Each rain rate in TRMM and MERRA contributed
approximately the same proportion of the seasonal total despite the dierence in light rain.
Because of the lack of light rain in NARR, rain rates above 10 mm/day contributed about
half of the seasonal precipitation and 15% of the season's rain came from rain rates above
20 mm/day. It appears that this lack of light rain played a large role in the low seasonal total
in NARR. More than two-thirds of the seasonal rain came from rain rates above 10 mm/day
in all WRF runs. About 40% of rain in the 100 km and 25 km runs and more than 45%
of rain in the 10 km run fell at 20 mm/day or more|more than double the contribution of
rain rates above 20 mm/day in the observations and reanalyses.
Once again nearly 60% of the times in NARR showed average precipitation of less than
1 mm/day over MEX (Fig. 11). The 90th percentile dropped to 4 mm/day. WRF at 100 km
resolution looked very similar to TRMM in the rain rate frequency distribution even though
the terrain and coastline were clearly distorted at that resolution. As WRF resolution
increased, so did the frequency of rain at all intensities. Rain above 1 mm/day fell more
than 60% of the time. The 90th percentile rose to 21 mm/day at 25 km and 25 mm/day at
10 km. MERRA showed much more frequent light rain than NARR in 2004 with rain rates
above 1 mm/day well over 60% of the time.
Fig. 12 shows the change in the cumulative frequency from 2000 to 2004 at each rain rate.
In other words, a value of +5 on the y-axis means that rain rates at or below the given
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value occurred in 5% more time periods in 2004 than 2000. NARR increased the frequency
of light rain by up to 7 percentage points (near 2 mm/day; Fig. 12). TRMM was almost
exactly the opposite in that light rain was much less frequent.
In NARR, rain rates above 10 mm/day contributed only about 15% of the seasonal total in
2004 (Fig. 13). About 30% of the total rain came from heavy events and rain rates averaged
above 1 mm/day about 60% of the time. Rain rates above 10 mm/day contributed slightly
more to the seasonal total in WRF at 100 km. Events above 20 mm/day accounted for
nearly 40% of the seasonal rain in 2004 in WRF. Events above 20 mm/day contributed half
of the rain in the 25 km run and about 55% in the 10 km run. Light rain contributed less
to the seasonal total in MERRA than in NARR, but more than in WRF or TRMM. Rain
rates above 10 mm/day accounted for nearly half of the seasonal total spread over only 18%
of the season in MERRA. Rain heavier than 20 mm/day contributed less than 10% of the
seasonal total.
The increase in the frequency of light rain from 2000 to 2004 resulted in a large increase
in the portion of seasonal precipitation that light rain contributed (Fig. 14). TRMM again
showed almost the opposite changes from NARR. At 25 km and 10 km rain rates lower
(higher) 10 mm/day contributed more (less) to the seasonal total in 2004 than in 2000. At
100 km rain rates lower (higher) than 20 mm/day contributed more (less) to the total in
2004 than 2000. Though heavy precipitation was less frequent in all WRF runs in 2004,
a wider range of rain rates resulted in the increased seasonal total. Light rain contributed
more to the seasonal total in 2004 than 2000 in MERRA despite a decrease in frequency.
In 2004, light rain contributed a greater proportion of the seasonal precipitation over MEX
in the reanalyses than WRF or TRMM. The dierences in rain rate frequency between the
years generally decreased with increasing rain rate. The reanalyses and observations mostly
showed changes in the contribution of rain above 1 mm/day (higher in reanalyses and lower in
TRMM), whereas the two higher resolution WRF runs also reduced the relative contribution
of heavy rain. The 100 km run showed little change in the rain rate distribution between
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years. In WRF, the seasonal total increasingly relied on heavy rain as resolution increased to
make up the seasonal total. NARR and TRMM showed the greatest interseasonal variability
over MEX, but in opposite directions.
AZNM
Rain rates above 1 mm/day were much less frequent in AZNM in 2000, with TRMM only
measuring them about a quarter of the time (Fig. 15). TRMM's 90th percentile of rain
rate was only about 2 mm/day. MERRA depicted almost the same precipitation prole as
TRMM. All rain rates were more frequent in NARR than MERRA or TRMM. More than
30% of times showed average rain rates above 1 mm/day and the 90th percentile was about
4 mm/day.
At 100 km resolution the rainfall magnitude frequency in WRF closely matched TRMM
and MERRA up to the 90th percentile, above which WRF began to produce more heavier
rain events. In the 25 km and 10 km runs about a third of the time the average precipitation
rate was above 1 mm/day and the 90th percentiles were about 4 mm/day and 6 mm/day,
respectively.
Precipitation rates above 10 mm/day contributed almost nothing to the seasonal total in
TRMM and MERRA (Fig. 16). Rain rates above 10 mm/day contributed more than 20%
of the seasonal rainfall in NARR and almost 30% in the 100 km WRF run. At 25 km about
a third of the rain came from events heavier than 10 mm/day, and at 10 km nearly half of
all rain came from such events. Even though WRF produce more light rain than TRMM,
MERRA, or NARR, the seasonal total depended more on moderate and heavy events.
In 2004 NARR showed the most frequent light precipitation with an average rain rate
above 1 mm/day more than 40% of the time (Fig. 17). In MERRA the 90th percentile was
at 4 mm/day and in TRMM it was less than half that. Similar to MEX, higher resolution
in WRF increased the frequency of light to moderate precipitation.
Compared to 2000, both reanalyses and TRMM decreased the frequency of light rain
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(Fig. 18). All WRF runs increased the frequency of light rain (above 1 mm/day) and the
10 km run also increased the frequency of moderate to heavy rain. The 10 km and 25 km
WRF runs showed greater interannual changes than the reanalyses or observations.
Light rain contributed more to the seasonal total in MERRA and TRMM than NARR,
which showed almost the same contribution from each rain rate despite dierent rain rate
distributions (Fig. 19). Similar to MEX, higher resolution in WRF increased the volumetric
contribution of light to moderate precipitation to the seasonal total.
Compared to 2000, both reanalyses and TRMM decreased the contribution of light rain to
the seasonal total in 2004 (Fig. 20). NARR slightly increased the contribution of moderate
to heavy rain. MERRA showed greater interseasonal changes than NARR or TRMM. At
10 km in WRF, all rain rates played a greater role in the seasonal total, indicating that a
narrower range of rain rates were involved. At 25 km low and high rain rates contributed
more than in 2000, but moderate rain rates contributed slightly less. At 100 km low rain
rates contributed a little less and moderate a little more.
Observations and reanalyses reduced the frequency and volumetric contribution of light
rain in 2004 compared to 2000, whereas in WRF both frequency and importance increased.
NARR produce the most frequent light rain, followed by the 10 km WRF run and MERRA.
NARR and the two higher resolution WRF runs also produced the most frequent moderate
to heavy rain. Neither of the reanalyses nor WRF closely mimicked the interseasonal changes
in TRMM precipitation intensities in both regions.
2) Moisture budget
(i) Spatial distribution
Precipitable water
To understand the relationship of water vapor to precipitation, we examined the spatial
variations of moisture budget components (precipitable water, evaporation, and moisture
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ux convergence) and their dierences over the NAM domain. Moisture ux vectors were
added to the moisture ux convergence maps to examine the moisture ow that was feeding
precipitation in the monsoon. Precipitable water was used to examine the larger environ-
ment of atmospheric moisture availability. Precipitation removes precipitable water, and
evaporation and moisture ux convergence add moisture to precipitable water.
Fig. 21 shows the seasonal average precipitable water for 2000 in millimeters for the three
WRF runs (top row) and the MERRA and NARR (bottom row). Looking at 2000 on the
seasonal scale, NARR had less precipitable water than WRF or MERRA across the entire
domain. Along the southern Mexican coast east of about 108N and south into the ITCZ
NARR reached 42-44 mm. MERRA showed much higher precipitable water from about 20N
southward and up the GoC, reaching 50-55 mm from southern Sinaloa southward over the
Pacic. WRF also showed a large area of precipitable water east of about 104W that was
higher than in NARR but comparable to MERRA. The 50-55 mm maximum was conned to
a bubble that extended at most 400 km from the coast along western Mexico from northern
Sinaloa to about 95W in the 10 km run and 100W at 25 km. In the 100 km run the
50-55 mm contour was further conned to an area about 150 km wide and 300 km long o
of the central Sinaloan coast. All of these maxima in precipitable water in WRF coincided
with the precipitation maxima along the coast. Though the area of 50-55 mm precipitable
water was larger in MERRA than WRF, MERRA did not show the very high precipitation
rates that WRF did, implying that either something besides total atmospheric moisture
modulated precipitation or that the moisture budget in WRF and MERRA diered.
Over land around the GoC, MERRA and WRF had about 5 mm more atmospheric mois-
ture than NARR. Most of the moisture above 25-30 mm in Mexico was focused along the
coastlines and in the U.S. along the eastern edge of the domain in MERRA, NARR, and
WRF. Precipitable water was particularly low (mostly less than 20 mm) north of 35N and
west of 105W. NARR was similarly dry in the interior of Mexico. The 10 km and 25 km
WRF run somewhat increased the precipitable water in the interior of Mexico compared to
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NARR, especially along the U.S. Mexico border. The 100 km run further reduced the area
of precipitable water under 20 mm to a strip from central Chihuahua to central Durango and
an area in the middle of Mexico, which was very similar to the pattern in MERRA. East of
105W all WRF runs showed up to 5 mm more precipitable water than MERRA or NARR
north of the U.S. border, with slightly higher amounts in the 25 km and 10 km runs.
The distribution of precipitable water in 2004 was very similar to that in 2000 in all
ve cases (Fig. 22). However, all of them showed increased moisture in the tropical Pacic
south of about 18N. NARR and MERRA showed higher precipitable water o the western
Mexican shore up to central Sinaloa. WRF at 10 km reduced the area covered by the 50-
55 mm contour along the Mexican shore. At 25 km the 50-55 mm contour only extended
up to 250 km from the shore of Sinaloa and up to 350 km from Nayarit. The 100 km run
elongated the 50-55 mm contour by 100 km to about 400 km. Over land precipitable water
over 30 mm inltrated farther inland along the Gulf of Mexico shoreline and the atmosphere
was moister over the GoM.
These dierences are much more apparent in Fig. 23. More moisture was available in 2004
than 2000 over Mexico up to the western border of Chihuahua and the U.S. border. The
locus of increased atmospheric moisture was collocated with the big increase in precipitation
over northern Texas in WRF. At 100 km and 25 km the maximum increase was 4-6 mm,
and at 10 km it was a bit lower at 3-4 mm. In MERRA and NARR the centroid of higher
precipitable water was shifted about 500 km south and 200 km east into the southern tip
of Texas and the increase was stronger (6-8 mm in MERRA and up to about 10 mm in
NARR).
The line between positive and negative changes in precipitable water laid from the eastern
border of Sonora northeast through the northeastern corner of New Mexico. The northern
limit was approximately the northern border of Oklahoma except in MERRA, where small
increases extended halfway across Kansas.
An area of decreased atmospheric moisture covered the rest of AZNM and Sonora, Utah,
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Colorado, the central Plains, and the Baja California. In WRF the biggest reduction was
over southern California and southwestern Arizona. It reached 6-8 mm in the 100 km and
10 km runs and 3-4 mm at 25 km resolution. The strength and location of the change in
MERRA was very similar to the 25 km run. NARR placed one 4-6 mm maximum over
southwestern Arizona, but extended the strongest decrease to the western edge of the study
domain at 120W.
The broad pattern of dierences in precipitable water matched up well with the pattern of
precipitation dierences in all WRF runs (see Fig. 4). At 25 km and 100 km the maximum
increase in atmospheric moisture between 2000 and 2004 also aligned with the maximum
increase in rainfall, though the same was not true for the decreases in precipitation. At
10 km the maximum precipitation increase was about 300 km northeast of the maximum
precipitable water increase over Texas. MERRA also showed a connection between higher
precipitable water and higher rain rates over Texas, but not over the NAM region even though
the bulk pattern of the change in precipitable water was similar to WRF. The pattern of
positive and negative changes in precipitable water in NARR was similar to MERRA over
most of the domain except the Pacic Ocean from about 18N to 26N west of the mouth
of the GoC. The maximum changes were stronger in NARR than MERRA, both positive
and negative. Besides over Texas and the southern SMO, precipitation changes showed little
relationship to precipitable water changes in NARR. The excessive coastal precipitation in
WRF, which decreased markedly in 2004, did not correspond to any change in precipitable
water.
Evaporation
Evaporation over land followed a similar pattern to precipitation in 2000 (Fig. 24). In WRF
the maximum evaporation over the SMO reached around 5 mm/day and was centered on the
Sinaloa-Chihuahua border. The less than 1 mm/day minimum laid over the western Texas-
Mexico border. These evaporation rates were only a third to a half of the precipitation rate in
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WRF. The most visible eect of model resolution was to localize the evaporation maxima. In
NARR the maximum evaporation rate over the SMO was about 2.5 mm/day. The width of
the swath of increased evaporation over the SMO in MERRA, about 150 km, closely matched
the WRF runs. Maximum evaporation rates were higher in MERRA than WRF over the
SMO and southern Mexico despite lower rain rates in MERRA. The 5.5 mm/day maximum
was over west-central Durango. Over the Sierra Madre del Sur evaporation reached about 5-
6 mm/day in MERRA and WRF. NARR only reached about 4 mm/day. Evaporation rates
up to about 4-5 mm/day were present over the east-central Great Plains, the Sierra Madre
del Sur, and Colorado in WRF. The pattern in WRF more closely resembled NARR than
MERRA, but like precipitation, evaporation was stronger and more widespread in WRF.
The maximum rate increased by about 1 mm/day from the 100 km to the 10 km run to
about 5 mm/day over Colorado and the Plains and almost 7 mm/day over the Sierra Madre
del Sur. The narrow band of reduced precipitation directly along the U.S.-Mexico border in
NARR was also apparent in evaporation in NARR, but it was too far from the boundaries
of the WRF domain to aect model results. Evaporation rates ranged from almost zero
to 2 mm/day from AZNM to the central Plains in NARR. Colorado saw evaporation up
to 4.5 mm/day in NARR. In MERRA the evaporation rate maxima were lower than in
NARR or WRF, topping out below 2.5 mm/day in Colorado and west-central New Mexico,
and from the Texas gulf coast into the eastern Plains.
MERRA produced about 1 mm/day more evaporation in Texas along the GoM coast than
did NARR or WRF in 2000, but up to 2 mm/day less compared to WRF and up to 1 mm/day
less compared to NARR over the GoM itself. Both NARR and WRF produced evaporation
over the tropical Pacic and on both sides of Mexico that was at least as strong as that
over the SMO. WRF evaporation mostly followed the same inverted fan-shaped pattern as
precipitable water over the tropical Pacic. Evaporation increased suddenly north of the
mouth of the GoC. In 2000 the evaporation rate increased from 5 mm/day to more than
7 mm/day over about 100 km in the 100 km run. In the 25 km run it increased to more
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than 8 mm/day and at 10 km to more than 8 mm/day within the space of a single grid cell.
The root of this discontinuity is in the NARR boundary conditions and monthly sea surface
temperature updates (gure not shown). At the beginning of August and September, the
sea surface temperature jumped around 1 K to a more or less uniform temperature across
the GoC. Naturally, NARR showed the same sudden change in evaporation at the mouth of
the gulf. In NARR it increased from about 4 mm/day to almost 7 mm/day on a seasonal
average. In contrast, the evaporation maximum over the southern GoC was about 4 mm/day
in MERRA. At the very northern edge of the gulf in MERRA evaporation increased to about
5 mm/day. In NARR it exceeded 10 mm/day. The 100 km run was the only comparable
WRF run at about 8-10 mm/day. The 25 km run placed isolated maxima up to 10 mm/day
along the western shore of the GoC and reduced the central GoC to about 6 mm/day. At
10 km the maxima were further localized and the evaporation rate in the center of the gulf
was reduced to just above 5 mm/day.
The pattern of evaporation in 2004 (Fig. 25) was very similar to 2000 in WRF, MERRA,
and NARR except that Texas saw more evaporation where it also received more precipitation.
In general, evaporation increased along the GoM coast and around northern Sinaloa in
MERRA and NARR. Over the U.S. the 1.5 mm/day contour expanded to encompass almost
all of Texas and Colorado and about half of Arizona and New Mexico. Peak evaporation
over the Mogollon Rim and southeastern Colorado increased more in MERRA than WRF
or NARR. The contrast in evaporation rates at the mouth of the GoC in WRF and NARR
was less striking in 2004 than 2000 because the southern GoC showed up to 1.5 mm/day
less evaporation in 2004.
The spatial distribution of these changes is easier to see and quantify in Fig. 26. The
maximum changes in evaporation were weaker than the other quantities in the water bud-
get because evaporation rate was smaller and it largely depends on insolation, a relatively
constant quantity. Over most areas the changes were less than 1 mm/day. The maximum in-
crease in WRF and MERRA was in the same place as the maximum increases in precipitable
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water and precipitation over Texas. The maximum change in evaporation rate only reached
2-3 mm/day, on par with the change in precipitation rate except along the eastern Plains
and along the western Mexican coast. In NARR the pattern of changes in evaporation was
very dierent and changes were much stronger and almost uniformly positive. Over eastern
Kansas and eastern Texas, the change in evaporation topped 8 mm/day. Over MEX the
maximum increase was 3-6 mm/day over the SMO and into Sonora in NARR. Over AZNM
changes only reached 3 mm/day. The increase in evaporation over the SMO matched the
pattern of increase in precipitation. Over the rest of the NARR domain, decreased rainfall
tended to coincide with the smallest increases in evaporation.
NARR seemed to reduce the inuence of evaporation on precipitation in 2004 compared to
2000, whereas WRF and MERRA maintained a similar spatial relationship between the two.
In the model and the reanalyses, evaporation seemed to play a role in higher precipitation,
probably as a cause and a result via precipitation recycling (Dominguez et al. 2006). For
evaporation, higher resolution better resolved the north end of the GoC and produced more
realistic evaporation, compared to the very strong evaporation at the northern end of the
GoC in NARR. This is in contrast to precipitation, which increased with higher resolution.
Moisture ux and moisture ux convergence
Moisture ux convergence (MFC) in 2000 very closely matched the precipitation pattern in
WRF (Fig. 27, compare to g 2). The MFC maxima lined up with the precipitation maxima
and negative MFC lined up with areas of low rainfall rate. The highest MFC values were
over the Sierra Madre del Sur and along the Mexican shoreline and the gradient from low to
high in these areas was very sharp in the 25 km and 10 km runs. Maximum MFC over each
of these areas increased from just over 10 mm/day to over 15 mm/day to over 20 mm/day
as WRF resolution increased. All runs showed a maximum decrease change near 8 mm/day
that decreased in extent with higher resolution along the northwestern shore of the GoC.
None of the WRF runs showed the increased MFC in southwestern Arizona that may be
34
expected from GoC surges.
Inux of moisture into southern Mexico came from the GoM to the east. The southeasterly
ux along the coast was part of a tropical wave-like feature (TWF) centered about 150 km
oshore in the 25 km and 10 km runs. The wave was shallower in the 100 km run, and
convergence and precipitation were therefore weaker along the coast. Horizontal moisture
uxes originated from the GoM across Mexico to the GoC. The MFC along the western coast
of Mexico north of Nayarit also coincided with the eastern side of the TWF, an area known
for convergence. South of Nayarit some of the MFC may be related to spurious convection
and moisture along the southern and eastern edges of the model domain. Moisture ux along
the shore from the Pacic ITCZ ran into moisture ux across the continent in the areas on
both sides of Nayarit. Moisture ux into western Arizona and into Colorado passed over the
area of strong moisture divergence at the north end of the GoC for about 300-400 km before
inducing convergence over most of Arizona and some of Colorado. The spatial coverage
and intensity increased with resolution. On average, moisture ux into New Mexico and
the southeast corner of Arizona originated from the GoM. Moisture uxes switched rather
abruptly from predominantly easterly to southwesterly around 32N.
In NARR in 2000, MFC across most of the domain was less than 3 mm/day positive or
negative. The maximum and minimum were about 6 mm/day over the SMO and -6 mm/day
over the northern edge of the GoC. These areas matched some of the MFC extremes in WRF,
but neglected those along the Sierra Madre del Sur and o the western Mexican shore. The
tropical wave pattern over the Pacic was also much weaker and the wave axis was almost
900 km west of western Mexico in NARR. The moisture ux eld was similar to WRF, except
the changes in direction were much smoother (i.e., larger radius of curvature) and moisture
uxes ran directly along the entire GoC rather than about 45 to the long axis of the gulf
over much of the GoC as in WRF. Moisture ux over southern Mexico was almost straight
westward across the continent with no contribution from the south. Starting near 22N
the moisture ux coming o the continent turned northwestward up the GoC|the overly
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strong GoC low-level jet mentioned in prior studies (Mo et al. 2005; Castro et al. 2007a).
East of the SMO the uxes were mostly easterly up to the U.S. border. West of the SMO
and north of the U.S. border moisture uxes took on a southerly component. Over AZNM
the moisture ux was southerly to southwesterly. There was a maximum in MFC of about
4 mm/day north of the northern tip of the GoC, a signal of gulf surges. The rest of AZNM
saw a mix of light convergence and divergence that did not correspond to the precipitation
pattern (see Fig. 2). Because of this shift, the large-scale moisture inux originated from the
direction of the GoM over most of the NAM except in the western half of Arizona into Utah
and Colorado, where moisture ux up the GoC, possibly related to GoC surges, contributed
moisture.
MFC in MERRA was similar to that in WRF except weaker in southern Mexico and
stronger in Arizona. The moisture ux pattern was shifted northward compared to WRF
and smoothed as in NARR. The TWF west of Mexico had a little more curvature than in
NARR, but was otherwise very similar in location and size. The rest of the moisture uxes
were essentially the same as in NARR, too, except the uxes that turned up the GoC in
NARR continued northwestward across the Baja California instead. In MFC, gulf surges
again showed up as a 3 mm/day maximum at the northern tip of the GoC. Besides the
gulf surge signature, MFC across AZNM was less than 1 mm/day positive or negative. The
GoC surges were likely weaker into AZNM than in NARR because the moisture uxes along
the gulf did not run parallel to the long axis of the GoC.
High MFC still correlated with precipitation in 2004 as in 2000 (Fig. 28). The dierences
between WRF and the reanalyses were also similar, though MFC was generally less extreme
in WRF except over the northern GoC and the curvature in the moisture ux eld showed a
larger radius of curvature along the U.S.-Mexico border, the western Mexican shoreline, and
in the TWF. MFC over the GoC was much weaker and covered less area in 2004 than 2000
in WRF and MFC over the GoM was reduced. The northern tip of the GoC still showed
divergence, indicating that the Gulf may have still served as a source of moisture. However,
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MFC covered less of Arizona in all runs. Moisture ux vectors show some of the northern
GoC moisture owing into Arizona in the 25 km and 10 km runs. In the 100 km run it
was unclear where the moisture went because moisture uxes were weak directly over the
northern end of the GoC and uxes north and south of it pointed in opposite directions.
The TWF was also weaker in all WRF runs in 2004, to the point that it was virtually
absent at 100 km. In MERRA, MFC covered all of AZNM in 2004, whereas in 2000 it only
covered Arizona. WRF, MERRA, and NARR all showed that the inection point between
easterly and westerly moisture uxes shifted up to 200 km southward compared to 2000. In
MERRA, higher values of MFC covered more area along the SMO, particularly in Sonora,
in 2004. In NARR, MFC was even weaker in 2004 than 2000. The GoC surge signature
was still visible and there was still a 3 mm/day maximum over the SMO in NARR. The
area of moisture convergence over Texas moved westward about half the width of the state.
Moisture uxes switched more quickly from westerly to easterly in NARR (like WRF), but
about 100 km south of WRF. The GoC low-level jet also appeared weaker in 2004. As part
of the southward shift in the moisture ux pattern, the GoC low-level jet curved northward
farther south in 2004 than 2000 and drew some moisture into Sonora rather than owing
directly into southwestern Arizona.
The dierences between the seasons were again more apparent when examined directly
(Fig. 29). In 2004 there was weaker moisture transport from the GoM in both reanalyses
and the model than in 2000. Less moisture converged over the SMO in NARR and more
in MERRA and WRF in 2004. The strip of high MFC along the Mexican shoreline was
weakened by >4 mm/day in 2004 compared to 2000 and these large changes were in the
same areas as the 10 mm/day decrease in rainfall. Arizona saw reduced MFC because
ux across the continent and up the GoC was reduced in 2004 in WRF, MERRA, and
NARR. MFC increased in WRF and MERRA from Chihuahua northeastward into New
Mexico and the central Plains. MFC in MERRA also increased by up to 2 mm/day in
Sonora. At least a portion of this change was probably due to the shift in the moisture
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uxes over the northern end of the GoC. WRF added >2 mm/day increases over Oklahoma
and Missouri, while NARR produced a similar, even stronger feature (up to 3 mm/day)
centered in the northeast corner of Oklahoma. In WRF these MFC increases were related to
increased rainfall over Oklahoma and Missouri, but in NARR there was no localized increase
in rainfall in northeast Oklahoma. The positive (negative) changes in MFC in NARR were
generally collocated with the higher (lower) MFC values in 2000. In other words, moisture
uxes created less divergence and less convergence in 2004 than 2000 in NARR.
MFC was stronger in WRF than the reanalyses. The strongest convergence seemed to align
with the strongest precipitation over MEX in WRF and the reanalyses. MFC did not match
particularly well with the precipitation pattern over the Southwest U.S. in the reanalyses,
suggesting again that rainfall was due to transient events rather than some background
state (e.g., Fuller and Stensrud 2000; Adams and Stensrud 2007). MFC rates were about 1-
2 times as high as evaporation rates over most areas that saw precipitation above 1 mm/day.
Evaporation may help with precipitation recycling (Bosilovich 2003; Dominguez et al. 2006),
but MFC seems to exert a stronger inuence on precipitation in general.
The model and reanalyses agreed that the direction of zonal moisture ux changed from
easterly in the south to westerly in the north near the U.S.-Mexico border. However, the
change in direction was more sudden in WRF than the reanalyses. This meant that moisture
ux over the GoC was nearly parallel to the long axis of the Gulf in the reanalyses and mostly
across the Gulf in WRF, thereby changing the moisture source for the U.S. Southwest.
WRF accentuated the tropical wave pattern in the moisture ux west of Mexico compared
to MERRA and NARR, more in 2000 than 2004, implying greater synoptic convergence along
the Mexican shoreline as shown in the MFC and increased divergence west of the wave crest.
Some of the convergence and precipitation along the southern edge of Mexico (south of about
20N) may also be due to spurious precipitation and MFC in the southeast corner of the
model domain. However, the northern portion of the high oshore rainfall rates would not
have been aected by the model boundary, so it is likely that the boundary is not the sole
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reason for heavy precipitation along southern Mexico. In MERRA and NARR the TWF
was much weaker and seemed to play little role in the distribution of MFC.
Looking at the dierence between the seasons, NARR showed little connection between
MFC and precipitation, which is not consistent with prior studies (e.g., Berbery 2001; John-
son et al. 2007). Despite a general increase in land-based precipitation in NARR, most land
areas saw a decrease in MFC. This is possible because the residual term in the NARR mois-
ture budget allows the four terms (precipitable water, precipitation, MFC, and evaporation)
to be out of balance and MERRA and WRF are therefore better for assessing the processes
behind monsoon precipitation. WRF seemed to show a stronger spatial connection than
MERRA between MFC and precipitation in the seasonal dierences.
(ii) Moisture budget time series
Time series of precipitation, evaporation, and moisture ux convergence were plotted to
examine the temporal relationships between the three quantities throughout the season.
Note that the scales are dierent for each region because the magnitudes of the moisture
budget variables tend to be much lower in AZNM than MEX.
Mexico
In the 2000 WRF runs, precipitation exceeded MFC over MEX by approximately the amount
evaporation contributed, about 3-4 mm/day in the 100 km run up to 4-5 mm/day in the
10 km run (Fig. 30). MFC preceded precipitation by a day or two throughout the season.
As part of this relationship, the maxima in MFC increased with higher model resolution
much like the precipitation maxima did. The relationship was similar in MERRA, though
the gap between MFC and rainfall did not always precisely equal evaporation (days 80-90,
for example) and change in MFC seemed to further precede a similar change in rainfall
than in WRF. In NARR some of the peaks and valleys in precipitation matched those in
MFC, but strong relationship seen in WRF and MERRA was absent. This was because
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the residual term in the moisture budget is not attributed to any physical process, so the
water budget does not have to balance. Evaporation increased by about 1 mm/day in 2000
in WRF as the season progressed and the ground was moistened by rain. In MERRA and
NARR, evaporation was steady at 4 mm/day and 2.5 mm/day, respectively.
MFC and precipitation demonstrated the same relationship in 2004 as in 2000 in WRF
and MERRA over MEX (Fig. 31). NARR showed a much closer connection between MFC
and rainfall than it did in 2000. The gap between the two quantities was not equal to
evaporation as it was in WRF and MERRA, but the ups and downs in MFC mirrored those
in precipitation. Evaporation also increased from about 2 mm/day in early July to twice
that in mid-August.
The dierence between the two seasons further emphasized that the timing of precipitation,
in addition to the location, relied heavily on moisture inux (Fig. 32). This agrees with
the relationships proposed by Berbery (2001) that midday moisture convergence leads to
afternoon storms, which will be examined in part II via the diurnal cycle. The change in
evaporation from 2000 to 2004 was nearly zero in WRF and MERRA. NARR again showed
the greatest interseasonal dierence with a 1-2 mm/day increase in evaporation through
August and September.
AZNM
Over AZNM in 2000 (Fig. 33), evaporation in WRF was almost zero at the beginning of
July and reached a maximum of less than 2 mm/day toward late August in the 100 km
WRF run. The 25 km run raised evaporation by a fraction of a mm/day, and the 10 km
run increased it a little more than the 25 km run. MFC was also much lower in AZNM
than MEX, with the seasonal mean near zero for the region. Because MFC was not almost
uniformly positive, as in MEX, precipitation was more episodic and seemed to rely on the
short periods when MFC jumped above zero. The shape of the positive MFC events also did
not match the shape of the rainfall events, but as over MEX MFC slightly preceded rainfall
40
events in all runs. MFC, like precipitation, showed greater variability with increased model
resolution.
After the last big rain event near day 60 in 2000 in the 25 km and 10 km runs, MFC
was mostly negative in WRF. At 100 km MFC increased again to almost 5 mm/day, the
highest rate of the season. The two higher resolution runs increased evaporation by about
the same amount as the 100 km run (6 mm/day), but they both started well below zero.
Evaporation started at or below 1 mm/day in all cases, slowly rose to a maximum of 2-
3 mm/day. This relationship was visible in WRF, MERRA, and NARR, but the response
in MERRA seemed to be stronger and shorter term than in WRF or NARR in both years.
In MERRA, the spikes in MFC through the rst 23 days of the period and the large increase
after day 76 resulted in little rain in MERRA. In WRF, similar spikes in MFC produced some
of the strongest rain events. NARR showed almost no correspondence between MFC and
precipitation. Like MERRA, the increase in MFC at the end of the time period in NARR
did not precede signicant precipitation. The delay between positive MFC and precipitation
was slightly longer in MERRA than the day or two delay in WRF and precipitation seemed
to react less strongly to MFC in most events in MERRA compared to WRF.
The situation was similar in 2004 as in 2000 over AZNM (Fig. 34). MFC centered approxi-
mately on zero in WRF and slightly above zero in MERRA and NARR. WRF maintained the
relationship between positive MFC and precipitation. MERRA and NARR both increased
the correspondence between MFC and rainfall in 2004 compared to 2000, but the connection
was not as close in NARR as in WRF and MERRA. Particularly the MFC increases at days
52 and 66 in NARR did not produce the immediate increase in precipitation that the other
increases seemed to. In all cases, the lag between MFC and precipitation was greater in
AZNM than MEX. Evaporation showed the same positive response to rainfall as it did in
2000, with a stronger short-term increase in MERRA and stronger long-term increase in
NARR and WRF.
Evaporation varied a lot more over AZNM than over MEX between years in WRF and
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the reanalyses (Fig. 35). An increase in the dierence in evaporation tended to follow an
increase in the precipitation dierence, indicating that precipitation tended to modulate
evaporation more than the other way around over AZNM. Over MEX moisture did not seem
to limit evaporation as strictly. The relationship between MFC and rainfall related to most
events in the model and reanalyses was still clear in the seasonal dierences. However, the
relationship over AZNM was more complex than over MEX. Because MFC was not always
positive, an increase in MFC in 2004 may mean a decrease in divergence rather than high
MFC in 2004. Also, because of the way in which the moisture enters the region, moisture
tends to take only a few hours to inltrate the MEX region. It may take a few days for an
episode of moisture inux to spread over the AZNM region. As a result, the delay from an
increase in MFC to an increase in precipitation may be longer over AZNM than MEX. This
was borne out most clearly in the dierences between the seasonal cycles of the moisture
budget.
3) Other variables
(i) 700 hPa height and wind
In order to analyze the synoptic conditions and ow over the high terrain in Mexico, we
plotted the 700 hPa height and winds from WRF, MERRA, and NARR. Fig. 36 shows these
variables for the year 2000 across the study domain. WRF, MERRA, and NARR show
much the same pattern in height and wind with a broad area of high pressure centered over
northern Texas. In WRF the heights were less than 10 m higher than those in NARR and
MERRA. The maximum height in all ve cases was near 3200 m. As was the case with
moisture ux, the 700 hPa winds switched from easterly in the south to westerly in the
north more abruptly in WRF than in MERRA or NARR (i.e., smaller radius of curvature).
The switch occurred around 30N. In all WRF runs, the winds were almost directly easterly
south of the switch and west-southwesterly north of the switch. In MERRA, the winds to
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the south and north of the switch had stronger southerly components. MERRA and NARR
both showed 700 hPa winds that more closely paralleled the long axis of the GoC, again like
the moisture ux vectors. In WRF the 700 hPa ow was almost directly east to west across
the GoC except at the very northern tip of the Gulf. The TWF was not visible at 700 hPa,
indicating that it was a low-level feature only.
The highest 700 hPa heights and center of the anticyclone were shifted westward in WRF
in 2004 compared to 2000 (Fig. 37). Again as in the moisture ux, the winds to the south of
about 31N were easterly and the winds to the north were westerly in all cases. Also as in
2000, MERRA and NARR showed more of a southerly component to the north and south
of the switch. Winds in WRF were almost directly easterly south of 28N. The maximum
height in WRF was up to 10 m lower in 2004 than 2000 and the 25 km run was the only
one to top 3200 m. In MERRA and NARR the height dierences between the years was
even bigger. Neither reanalysis showed a 3190 m contour. The winds within the 3180 m
contour were weak, indicating a weaker circulation center in the anticyclone than in 2000.
This decrease in the strength of the high, particularly over Texas, could account for the
increase in precipitation since there would be less subsidence under a weaker anticyclone.
Fig. 38 shows the dierences between the seasons. In all cases, the greatest decrease in
height (up to about 12 m in WRF and more than 15 m in MERRA and NARR) was in the
northeast corner of the plotted domain over the central Plains, not where the center of the
anticyclone was. This area of decreased heights coincided with an increase in rainfall over
the central Plains and Texas in all cases. Much of the area covered in >9 m increases in the
700 hPa height also saw a reduction in precipitation, so the large-scale pattern seemed to
exert some control on precipitation. Over most of AZNM and all of MEX, heights increased
by up to 9 m and 12 m, respectively, in WRF. In MERRA and NARR, AZNM saw a 3-15 m
reduction in the 700 hPa heights in 2004. In MEX the changes were between -6 m and 3 m
in MERRA and NARR.
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(ii) Stability
To examine atmospheric stability, the seasonal averages of convective available potential
energy (CAPE) and convective inhibition were calculated. Though CAPE is often inversely
correlated with precipitation in the maritime tropics, Adams and Souza (2009) posited that
the correlation may change based on when a sounding was taken. Because convective stabil-
ity/instability locally inuence precipitation, these analyses will focus on the two monsoon
subregions, MEX and AZNM, and the west coast of Mexico (including the GoC).
CAPE
In 2000, WRF, MERRA, and NARR shared maxima in CAPE over the GoC o the western
shore of Mexico, decreasing CAPE from the shore to the SMO peaks, and minimal CAPE
over AZNM (Fig. 39). However, the details diered.
CAPE in all the WRF runs generally followed the same arc as precipitation from the
GoC across AZNM and into the central Plains. Notably high values laid along the eastern
shore of the GoC. The maximum was just over 2500 J/kg at 10 km resolution, 2200 J/kg
at 25 km, and perhaps 1800 J/kg at 100 km. The high precipitation oshore of Sinaloa
encroached upon the southern edge of the CAPE maximum in each run. Over the coastal
plain west of the SMO, CAPE was also elevated to around 1500 J/kg up to 200 km inland in
central Sonora and perhaps only 10-20 km inland in central Sinaloa. CAPE quickly dropped
from 1500 J/kg on the west side of the SMO to less than 500 J/kg just east of the peaks.
Looking northward from the maximum, CAPE dropped from 1500 J/kg in central Sonora
to perhaps 600 J/kg at the U.S. border and less than 400 J/kg across most of AZNM. The
highest values in AZNM ran from the southeast corner of Arizona to the northeast corner
of New Mexico. Also over AZNM, increased CAPE in the seasonal time series seemed to
match up with some of the heaviest rain events, like the event that started about day 54 and
continued through day 72 in 2000 in the 10 km and 25 km WRF runs (gure not shown).
As with the other variables, CAPE maxima generally increased with higher resolution. This
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again points toward a very event-based precipitation regime in AZNM. CAPE along the
southern edge of Mexico barely topped 1000 J/kg.
MERRA showed some signicant dierences from WRF. CAPE only rose above 1200 J/kg
in a 300 km wide swath from 24N to 16N along the western Mexican shoreline with a couple
of isolated maxima above 1500 J/kg. The northern end laid along the Sinaloan shore and
the southern edge was abut 100-200 km o the southern shore of Mexico. CAPE above
500 J/kg extended west to about 112W and east about 100-150 km inland, all west of the
SMO peaks, from Nayarit to central Sonora. CAPE over AZNM was less than 300 J/kg and
did not show the maximum through the center of the region that was in WRF.
The pattern of CAPE in NARR was similar to the 25 km WRF run. The maximum was
higher in NARR at about 2500 J/kg o the southwestern shoreline of Sonora. Despite the
higher maximum CAPE over the GoC, CAPE decreased quickly in all directions, particularly
onshore toward the SMO. Within 50 km east of the eastern borders of Sinaloa and Sonora
CAPE dropped to less than 100 J/kg.
Most of the same areas saw high CAPE in 2004 as in 2000 in all cases (Fig. 40). The
maximum along the eastern GoC shore decreased to about 2300 J/kg at 10 km resolution
and changed little in the other two runs. However, CAPE above 1400 J/kg extended at
least 150 km o the western Mexican shore from central Sonora all the way to the southeast
corner of the domain at 10 km and 25 km runs. Recall that in 2000 the area of high CAPE
was conned to the GoC. At 100 km CAPE approached 1500 J/kg along the southern edge
of Mexico in 2004, but the maximum over the GoC did not seem to strengthen. Over AZNM
CAPE increased to a maximum of 300-400 J/kg in the two higher resolution model runs.
The isthmus of maximum CAPE also shifted eastward to primarily occupy New Mexico.
Intraseasonal increases in CAPE coincided with the highest precipitation events in WRF in
2004 over AZNM, much like in 2000. MEX showed less temporal correlation between CAPE
and precipitation.
In MERRA, CAPE decreased along the western Mexican coast in 2004 compared to 2000
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by up to 300 J/kg o of Sinaloa and 200 J/kg south of Nayarit to maxima of 1000 J/kg and
1200 J/kg, respectively. The 300 J/kg contour covered most of AZNM in 2004, compared
to only the southernmost 100 km of Arizona in 2000.
Maximum CAPE in NARR in 2004 over the GoC was a bit lower around 2200 J/kg o
the southern shore of Sonora. However, as in WRF, CAPE increased southward along the
western Mexican shoreline in NARR. The 1200 J/kg contour extended more than 100 km
oshore at all points south of central Sonora. NARR maintained a small maximum near
1300 J/kg at the very northern end of the GoC in both years. Over AZNM CAPE decreased
by up to 200 J/kg to less than 200 J/kg over all but the easternmost 100 km of New Mexico.
Fig. 41 shows the dierence in CAPE between the 2004 and 2000 monsoon seasons. In
bulk, the pattern of positive and negative changes in CAPE from 2000 to 2004 was similar
to the pattern of changes in precipitable water. The biggest land-based increase laid over
Texas or Oklahoma and the biggest decrease laid along the GoC (near the mouth in the
reanalyses and farther north in WRF).
CAPE increased across most of Mexico except Sonora and a 100 km wide strip over
the SMO peaks. Over most of the SMO CAPE decreased by less than 100 J/kg. Near
Sonora CAPE decreased by up to 300 J/kg at 25 km resolution, 400 J/kg at 10 km, and
500 J/kg at 100 km. All of these led into the biggest decreases in CAPE, which were over
the northern GoC. At 10 km the -200 J/kg contour encompassed all of the GoC, Sonora, and
the southern third of Arizona. The 25 km and 100 km runs showed similar patterns, but the
change between the years was smaller. CAPE also increased o the Mexican coast south of
Nayarit by up to 800 J/kg in the 25 km and 10 km runs and 400 J/kg in the 100 km run.
The foothills and coastal plain in Sinaloa saw increased CAPE in 2004 by up to 300 J/kg in
the 25 km run and more than 100 J/kg in the other two model runs. Since rainfall changes
did not match the changes in CAPE south of Mexico and west of the SMO, CAPE did not
seem to play a big role in precipitation changes between the seasons.
From the SMO westward in Mexico in MERRA and NARR precipitation increased while
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CAPE decreased in 2004 compared to 2000. Both reanalyses showed decreases greater than
300 J/kg across the mouth of the GoC, and they did not seem to correlate with changes in
precipitation. Over AZNM changes in CAPE were so weak that it is dicult to tell if they
played any role in modulating precipitation. In NARR, the pattern of changes in CAPE
seemed to match the changes in precipitable water except over the Pacic Ocean west of the
Baja California. In MERRA only the biggest increases in CAPE matched the locations of
the biggest increases in precipitable water.
CIN
As a counterpoint to CAPE, Fig. 42 shows the convective inhibition (CIN) for the 2000
monsoon season. The maximum CIN in all cases was over the GoC. In WRF it laid along
the coast of Sonora near the northern tip of the Gulf and exceeded 200 J/kg. This maximum
was north of the maximum in CAPE. CIN above 100 J/kg stretched down to 25N across
the entire width of the GoC and from about 29N to 25N over Sonora and Sinaloa, covering
approximately the northern half of the area of maximum CAPE. Across AZNM, higher CIN
(50 J/kg) followed the same path as CAPE and precipitation. In the 25 km and 10 km
runs, CIN reached as high as 80 J/kg in isolated areas over AZNM. As with CAPE, CIN
maxima increased with higher resolution.
In MERRA CIN reached about 150 J/kg along the central Sonoran shoreline. The 100 J/kg
contour extended an extra 200 km to the north and south and up to 100 km to the east
and west from the centroid of maximum CIN. Besides the area of higher CIN that extended
from the GoC over southern Arizona, CIN was less than 20 J/kg across most of AZNM.
In 2004, the maximum CIN again followed the maximum CAPE over AZNM in WRF
(Fig. 43). However, CIN was generally about 10 J/kg weaker. The maximum CIN over the
northern GoC was broader and stronger in all runs. At 100 km resolution the 180 J/kg
maximum spanned almost the entire Gulf. At 25 km and 10 km resolution, the 200 J/kg
contour almost reached the western edge of the Gulf. This increase did not seem to extend
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far inland. As in 2004, the area of higher CIN only reached the northern 400 km of the
high CAPE area over the GoC. Along the Mexican coast southward there was little CIN to
oppose the CAPE.
In MERRA and NARR the changes were much the same in that the maxima over the
GoC decreased in magnitude and extent. In MERRA, CIN decreased to about 130 J/kg
along the central shore of Sonora and the 100 J/kg contour contracted. As a result, CIN
over western Sonora decreased. However, the rest of the MEX region showed little change
between seasons. NARR showed little change between years over MEX. Over AZNM, NARR
generally decreased CIN by about 10 J/kg. MERRA increased CIN by about 10 J/kg across
most of New Mexico.
The 100 km WRF run produced the strongest change in CIN from 2000 to 2004 (Fig. 44).
from about 29N southward CIN over the GoC increased by up to 40 J/kg. Just north of
the northern tip of the Gulf, CIN decreased by about 60 J/kg. Over this entire area, CAPE
decreased by at least 100 J/kg. In the 25 km and 10 km runs CIN generally increased
over the GoC by up to 30 J/kg. Over land in MEX CIN mostly decreased, somewhat more
strongly over Sonora. Over AZNM CIN only increased in the eastern half of New Mexico
by up to 70 J/kg in the 100 km run and 40 J/kg in the other two runs. CIN decreased in
southwestern Arizona by up to 40 J/kg in the 100 km run and perhaps 20 J/kg in the other
two runs. This pattern was similar to the precipitation pattern, with higher CIN correlated
with more precipitation.
In NARR CIN decreased across almost all of MEX and AZNM except northwestern Sonora
and the northern tip of the GoC. The maximum change in either direction barely exceeded
20 J/kg. IN MERRA CIN decreased across MEX, the GoC, and most of Arizona. The
strongest decrease of up to 50 J/kg was along the coastal plains in northern Sinaloa and
southern Sonora. CIN decreased by >20 J/kg over southwestern Arizona in 2004. Over New
Mexico CIN actually increased by <10 J/kg in the western half of the state up to >20 J/kg
along the eastern border. Changes in CIN echoed similar changes in CAPE in MERRA and
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NARR. Changes in CIN show no obvious correlation to changes in precipitation in either
reanalysis.
d. Discussion
Rainfall may be lighter in TRMM data for two reasons. First, the satellite takes a snapshot
of precipitation rates as it passes over the region and may not capture the lightest or heaviest
rains. TRMM also has trouble measuring heavy rain rates, particularly in mountainous
coastal areas, because rain attenuates the signal to the satellite and rain gauges tend to be
located in easy-to-access areas (e.g., Nesbitt and Zipser 2003; Chen et al. 2013), which are
usually lowlands that may be less aected by local orography. All of these contribute to
less frequent heavy precipitation, which may also explain the lack of interseasonal variability
at higher rain rates. Prior studies show that TRMM captures rainfall over the tropics
reasonably well when viewed regionally (Human et al. 2007), as this research has done.
Because light rain contributes a substantial portion of the seasonal total across obser-
vations and reanalyses, simulated light rain needs to be plausible in order to portray the
monsoon accurately. WRF captured the gist of the contrast in spatial distribution of pre-
cipitation between the years over land, but the changes in rain rate frequency were quite
dierent between WRF and TRMM. In each year, WRF tended to produce more frequent
light rain than TRMM observed. WRF also tended to increase the frequency of heavy rain,
further boosting the seasonal total. However, TRMM may miss these heavy and light rain
events if the events are short lived or outside observation networks.
MERRA more consistently and closely captured the TRMM-observed rain rate frequencies
and spatial distribution than NARR or WRF, despite interseasonal changes that were fairly
dierent from TRMM. MERRA also does not incorporate a non-physical residual term in
its moisture budget, as NARR does. As a result, MERRA should be a more reasonable
approximation of the atmospheric conditions that led to the observed precipitation. However,
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the contrast between MERRA and TRMM in the interseasonal changes in rainfall indicated
that MERRA may have trouble dierentiating between wet and dry monsoons.
Although the changes in NARR between 2000 and 2004 were consistent with the changes in
TRMM, only the 2004 season resembled the rain rates that TRMM measured. NARR relied
on 1 24-hour precipitation analyses and 2.5 5-day (pentad) precipitation analyses over
Mexico (Mesinger et al. 2006). These resolutions are much too low to adequately represent
the precipitation pattern in the NAM. NARR rainfall in 2000, and therefore the dierences
in rainfall between 2000 and 2004, was classied as unreliable. The residual term in NARR
lls any gap in the moisture budget when the reanalysis assimilates observed precipitation.
Changes in MFC, precipitable water, and evaporation in NARR do not need to balance
precipitation.
Sea surface temperature increased suddenly over the entire GoC at the beginning of each
month. Temperatures were discontinuous at the mouth of the GoC, with the GoC warmer
than the surrounding water. This resulted in increased evaporation and a discontinuity in
evaporation at the mouth of the GoC. In the absence of a better data set, NARR used
monthly mean values from Guaymas, Mexico, a town about 250 km north of the southern
border of Sonora along the western shore of Mexico, over the entire GoC (Mesinger et al.
2006). Since NARR was used for the boundary conditions in WRF, it is likely that the
increased sea surface temperature will also aect the model runs by increasing evaporation
over the GoC and thereby increasing instability. This likely played a role in the excessive
oshore precipitation and high levels of MFC over the GoC in WRF. Caution is advised
in using the NARR for studies that involve precipitation or sea surface temperature in
the NAM region and other areas where observations are sparse. Nonetheless, the moisture
budget (outside of precipitation in 2000) appeared to be physically reasonable for the most
part compared to MERRA and WRF, except with respect to evaporation over the GoC.
AZNM clearly received less rain throughout the season than Mexico. The absolute dif-
ference between 2000 and 2004 precipitation was therefore much stronger over Mexico than
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AZNM in TRMM, MERRA, NARR, and WRF. Because of these characteristics, Mexico
would dominate any precipitation analysis if the NAM region is viewed as a single unit.
However, it is dicult to study the precipitation in one region without considering the sur-
rounding areas. One possible path to precipitation in AZNM is that moisture evaporates
from the GoC and Pacic Ocean, advects into the SMO, and falls as rain. Then that surface
moisture evaporates and advects into AZNM, fueling rain over AZNM.
Seasonally averaged precipitation was heavier than TRMM in WRF over AZNM and MEX
mostly because of large contributions from heavy events, most of which were focus along
high terrain. However, WRF also increased the frequency of light rain at 25 km and 10 km
resolution over AZNM and in all three runs over MEX compared to TRMM. Frequent,
light rain may provide the same amount of precipitation as a couple of heavy events, but
these two changes have distinctly dierent eects on society and hydrology (Gochis et al.
2003, 2006; Ray et al. 2007). Heavy rain is important for disaster management because
it can cause mudslides and ash oods. High winds and lightning often accompany heavy
rain, increasing the likelihood of wind damage and res. If seasonal precipitation depended
on heavy events alone, there would also be stretches of time with no rain, increasing the
possibility of drought, heat stress, and crop failure. Frequent, light rain, on the other hand,
provides a steady stream of water for agriculture and human and animal consumption. Water
and disaster management rely on detailed forecasts including these and other characteristics
of precipitation. The dierences between MERRA, WRF, NARR, and TRMM then become
important on a practical level. The same is true of the dierences between seasons and in
other regions. For example, most of the increases in precipitation over the Plains and New
Mexico in 2004 compared to 2000 were in areas of very low precipitation in 2000, making
them of greater proportional importance to the regions, and the intensity and frequency of
these changes determine how the increased rain impacts New Mexico and the Plains.
Examining the NAM region as a whole and the subregions separately, it was apparent that
the two study areas (MEX and AZNM) were distinct in the processes that drove precipita-
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tion. Over MEX, MFC consistently preceded precipitation by a day or two on the seasonal
scale. This relationship was robust between seasons in MERRA and WRF and was also
present in NARR in 2004. Over AZNM, the relationship was present in WRF, but MFC
preceded precipitation by a day or so more than over MEX. In MERRA the relationship
was discernible in both years but somewhat weaker in 2000, whereas NARR only showed a
connection between MFC and rainfall in 2004 over AZNM.
Variations in the large-scale circulation at 700 hPa seemed to relate to the general moisture
ux eld, which was then modied at the regional scale by terrain and determined MFC.
MFC, in turn, seemed to lead to precipitation. In this way, the large-scale circulation can
also modify precipitation in the NAM region. The subtropical high was somewhat stronger
in WRF than MERRA or NARR in 2000. The dierence in the 700 hPa height between
WRF and the reanalyses increased in 2004. However, WRF captured the westward shift in
the center of the anticyclone, which allowed it to simulate many of the precipitation changes
in MERRA and TRMM and moisture ux changes in MERRA and NARR. Higgins et al.
(2004) found a similar westward shift in the anticyclone in relation to wet and dry surges
in Yuma, Arizona, with the anticyclone centered over the eastern Great Plains during a wet
surge and west of the Rockies during a dry surge. This is consistent with the precipitation
dierences between seasons over Arizona in WRF since Arizona was drier in 2004 than 2000.
GoC surges may be more common or stronger in WRF than TRMM or the reanalyses, and
indeed the stronger TWF in the moisture ux eld in WRF would indicate that a common
forcing for a surge may also be stronger or more common. The change in precipitation
between years in MERRA, NARR, and TRMM was less than 1 mm/day one way or the
other.
Spatially, the strongest land-based NAM precipitation coincided with the strongest MFC
and highest terrain in all WRF runs in both years. MERRA and NARR maintained this
relationship over MEX, but not over AZNM. The 10 km WRF run tended to accentuate
maxima in all the moisture budget variables in both seasons compared to the 25 km run.
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Higher resolution also localized the extremes in seasonal precipitation, evaporation, and
MFC. In contrast, the 100 km run blurred the precipitation pattern and somewhat decreased
the maxima in the moisture budget elds, especially in MFC and precipitation over the GoC
and south of Mexico. The eect of WRF resolution on the moisture budget was more
apparent in the dierence between the seasons than each season alone.
Model resolution may aect the moisture budget by modifying the terrain or explicitly
simulating smaller-scale processes as resolution increases. It would be valuable to properly
resolve clouds and precipitation over the SMO given that both rely heavily on local terrain
(Giovannettone and Barros 2008). Though it is outside the scope of this study to dene the
eect of each, the results indicate that both of these played a role in the model outcomes.
The eects of increased terrain resolution were apparent in the localized maxima in the
moisture budget over high terrain. Likewise, changes in precipitation over water hint that
the resolution of the atmospheric grid itself also aected model results.
Over the GoC WRF produced much more precipitation than MERRA or NARR, and this
eect was stronger in 2000 than 2004. The precipitation was primarily related to increased
MFC on the eastern side of a tropical wave-like feature (TWF). The wave appeared to form
in the lee of the SMO and Sierra Madre del Sur in Mexico, though convection over Mexico
and the GoC may have accentuated the amplitude of the TWF (Stensrud 2013). From
2000 to 2004, the cross-continental moisture ux also decreased in the seasonal average,
thereby decreasing the wave spin-up on the western side of Mexico in 2004. Like the oshore
precipitation and MFC, the TWF was much stronger in WRF than MERRA or NARR. The
TWF was likely a consistent or frequent feature throughout the season since it was very
apparent even in a seasonal average, and may have been more frequent or stronger in WRF
than MERRA or NARR. However, it also seemed to be primarily a low-level feature since
it was not visible in the 700 hPa ow.
The relationship between moisture ux, MFC, and precipitation will be explored further
via the diurnal cycle in part II of this study.
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Increased evaporation followed increased precipitation in time over both AZNM and MEX.
In MERRA the increase in evaporation seemed to be more sudden and short lived. In WRF
and NARR evaporation increased more slowly after a rain event started and decreased more
gradually as the rain rate decreased. Land-based evaporation was very spatially consistent
with precipitation in WRF and mostly consistent with precipitation in MERRA except along
the GoM shoreline. In NARR, precipitation and evaporation were less spatially consistent
than in MERRA and WRF, possibly related to the residual term in the NARR moisture
budget.
Higher precipitable water may have primed the monsoon environment for heavier precip-
itation in MERRA and WRF in 2004. Given the moister ambient conditions over MEX,
less water vapor would need to enter the area in order to provide the necessary fuel for rain
storms in the wet year. The MFC pattern may be more important for controlling the location
of the strongest precipitation, timing of intraseasonal events, and the arc of precipitation int
the dry U.S. Southwest, but precipitable water seemed to control the large-scale pattern of
precipitation and changes in precipitation between seasons.
Though the signature increase in moisture at the northern end of the GoC that comes with
a GoC surge was not apparent in WRF maps, surges may have existed and been washed out
in the seasonal mean since the time series of MFC showed periodic increases that had much
the same eect on precipitation as surges over AZNM. Because of the moister environment
in WRF, surges may vary quite a bit in their strength and location and still touch o the
relatively abundant precipitation seen in WRF.
Over the GoC, subsidence from divergence seems to result in higher CIN values in WRF
and NARR that may help control how far north the elevated levels of CAPE can initiate
convection. About 100-150 km south of the northern border of Sinaloa, MFC was posi-
tive to the south and weakly positive or negative to the north and precipitation decreased
markedly north of that line. This border coincided with the area where CIN started to
exceed 100 J/kg, reducing precipitation on a seasonal scale despite the increased amount
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of CAPE available. Farther south along the Sinaloan shore over the GoC precipitation and
MFC were higher partly because of convergence on the windward side of a TWF, as men-
tioned before, but also because of increased levels of CAPE in WRF. Along the southern
shore of Mexico, stability seemed to play little role in the high MFC and precipitation on a
seasonal average. Over land in MEX, atmospheric stability seemed to play much less of a
role. Coastal and orographic ows probably were more important. Low CIN seemed to be
correlated with higher precipitation over AZNM. CAPE was relatively weak in the seasonal
average over AZNM, but probably played a role in some of the larger precipitation events.
Over MEX there was no consistent connection between CAPE and rainfall.
e. Conclusions
The WRF model was run at 100 km, 25 km, and 10 km resolution for the 2000 and 2004
monsoon seasons (July-September), a dry year and a wet year (Dominguez et al. 2008). These
years were chosen to represent contrasting precipitation outcomes to assure that results
were robust across dierent monsoon conditions. Model precipitation was compared to
MERRA, NARR, and TRMM. ThenWRF, MERRA, and NARR were used to investigate the
relationships between precipitation and the other moisture budget variables, the large-scale
ow, and atmospheric stability on the seasonal scale. Three-hourly data was used to create
seasonal average maps and time series for the MEX and AZNM subregions. Precipitation
intensity was also examined via the cumulative distribution of rain rate and volumetric
contribution of rain rate.
The following points summarize the results:
 Precipitable water inuenced the variability of precipitation between seasons, but MFC
modulated the timing and location of precipitation within a season. The basic moisture
ux eld depended on the large-scale ow. At the regional scale, terrain modied the
ow and determined the exact location of the strongest MFC and precipitation and
55
also aected rainfall intensity. Within the season, distinct events were probably due
to transient events like tropical waves. With that in mind, WRF increasingly had
trouble reproducing the intensity and duration of precipitation events in TRMM as
the season progressed, indicating that WRF produced dierent transient precipitation
triggers than MERRA depicted under similar large-scale conditions.
 It was found that the seasonal spatial distribution of precipitation was similar between
WRF, MERRA, TRMM and NARR, but the magnitude of the seasonal average pre-
cipitation and the frequency of light and heavy rain varied. These variations in the
frequency of heavy and light rain between WRF, MERRA, NARR, and TRMM, and
even between the three WRF runs, could substantially impact decision making by
people as diverse as public health ocials, urban water managers, ranchers, and re
managers because of varying likelihoods of heat stress, limited water supply, uneven
feed availability, and dry vegetation and lightning strikes increasing re risk (Ray et al.
2007).
 Precipitation was heaviest in the NAM region oshore of Sinaloa in WRF. While
MERRA, TRMM, and NARR also showed oshore precipitation in that area, it was
much weaker. These dierences were related to the interaction between CAPE and
CIN over the GoC. CAPE and CIN were higher in WRF than MERRA. NARR showed
higher CAPE than MERRA, too, but precipitation in NARR did not have to match
the dynamic conditions because of the residual factor in the moisture budget. However,
the conditions that led to higher CAPE and CIN in NARR, such as high sea surface
temperatures, may have prompted the increased CAPE in WRF. High CIN prevented
release of CAPE along the Sonoran shoreline, while low CIN allowed high CAPE along
Sinaloa to fuel convection.
 Higher model resolution mainly served to increase precipitation maxima and local-
ize the heaviest precipitation, particularly near variable terrain. The dierent roles
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of terrain and grid resolution are left for future study. The model initial conditions
(i.e., the dierence between the seasons) and the model's internal dynamics aected
all quantities more than a change in resolution. Increasing model resolution solved
some problems (localized precipitation according to terrain) and created others (in-
creased precipitation further beyond observations). WRF greatly exaggerated precipi-
tation and MFC extremes and also accentuated the TWF west of Mexico compared to
MERRA, NARR, and TRMM (precipitation only). Once the GoC and Baja California
were properly resolved, the dierence between WRF and reanalyses and observations
increased with increasing resolution.
 Precipitation was higher in 2004 than 2000 over most of the NAM region in MERRA,
NARR, and TRMM. It was also higher over most of Mexico and New Mexico in the
25 km and 10 km WRF runs, and over the northern SMO and New Mexico in the
100 km run. These dierences were related to a westward shift in the subtropical high,
which aected moisture ux, MFC, and precipitation in turn. Higgins et al. (2004)
found that the subtropical high was located farther west during dry surges than wet
surges in Yuma, Arizona (their Fig. 13). A similar eect was seen in WRF, as 2000
was wetter than 2004 in Arizona. MERRA and TRMM also showed small decreases in
precipitation near Yuma that may not be inconsistent with the0.5 mm/day dierence
in precipitation between wet and dry surges at Yuma. Because moisture ux changed
and MFC decreased over the GoC, CAPE decreased and CIN increased over the GoC
in WRF, thereby reducing the excessive oshore precipitation.
These results sit at the boundary between climate and weather modeling. Ingesting a
reasonable large-scale environment is important to realistically simulating moisture uxes,
which in turn helped determine the location, intensity, and timing of precipitation. For
weather modeling, these large-scale initial conditions depend on a dense surface and upper-
air observation network and a model capable of assigning point data to a grid. For climate
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projections, it requires a global climate model that can reproduce the statistics of past
climate in order to engender trust that it can produce realistic future conditions. Both of
these are challenges on their own.
In addition, the model must be of sucient resolution to portray the Baja California and
GoC accurately and capture mesoscale processes in the monsoon. The 100 km WRF run
demonstrated that the precipitation pattern may appear reasonable even when the coastline
is incorrect, but that the intensity of individual events may be aected in a way that could
inhibit eective decision making. Prior studies cited about 50 km resolution as the minimum
to reasonably simulate precipitation in the NAM and similar environments (Stensrud et al.
1995; Gao et al. 2006; Qian et al. 2010), and that ts well with indications from this research
that 25 km resolution is sucient, but 100 km resolution is not. Beyond this minimum
resolution, multiple methods are being explored to improve the simulation of precipitation
in complex terrain (e.g., Leung and Ghan 1998)
1) Future directions
Because of the dependence on precipitation events, case studies of these events would
likely clarify even further the eects of the moisture budget and atmospheric stability on
precipitation. Seasonal averages have the advantage of being able to look at a bulk repre-
sentation of the data, but lack the detail to show exact processes. Along with case studies,
higher temporal resolution analyses would also be useful to compare with model output.
They could be acquired from the Rapid Update Cycle (RUC) model analyses before May
2012 or the Rapid Refresh model analyses (RAP) after May 1, 2012.
These model runs could also be further analyzed for the relative importance of convective
and non-convective rainfall. Did their relative contributions to the seasonal precipitation
change with resolution? As resolution increases, smaller-scale precipitation processes can be
explicitly simulated rather than parameterized and coastal and orographic processes may
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improve, thus improving precipitation (Boyle and Klein 2010).
Mapping the frequency of a rain rate threshold would help clarify the cumulative distribu-
tion functions. The distributions were based on average precipitation rate over the AZNM
and MEX subregions, which washed out precipitation extremes. These maps would also
help address whether the so-called "model drizzle" was occurring (e.g., Chen et al. 1996;
Gershunov and Barnett 1998).
Discerning the relative eects of terrain and model resolution may help elucidate the
processes behind changes in precipitation as a result of increased resolution. Results from
this study insinuated that both of them play a role, but did not attempt to discern how
important each was to the dierences between model runs at dierent horizontal resolutions.
Simulating other monsoon seasons would help conrm that the eects of resolution are
interseasonally robust.
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3. North American Monsoon precipitation and its pre-
cursors, Part II. Diurnal time scale
a. Introduction
This chapter is the second part of a two-part study investigating the role of model resolu-
tion and the moisture budget in modulating precipitation of the North American Monsoon
(NAM). Chapter 2 focused on the seasonal cycle and synoptic-scale processes. In that, we
found that MFC preceded precipitation and evaporation followed precipitation on the sea-
sonal scale. Over the GoC, CAPE and CIN also played a role in modulating precipitation.
The large-scale ow was integral to interseasonal changes in precipitation. Model resolution
mainly served to increase rain rate maxima and localize the heaviest rainfall.
NAM precipitation is primarily convective, varies signicantly throughout the diurnal cy-
cle, and is closely tied to topography. As a result, coarse-resolution models have little skill in
modeling NAM precipitation and its underlying processes over the Gulf of California (GoC)
and surrounding topography, including GoC surges (Adams and Comrie 1997; Christensen
et al. 1998; Arritt et al. 2000; Yang et al. 2001; Meehl et al. 2006; Rowe et al. 2008).
1) NAM diurnal cycle
The diurnal cycle of precipitation over Mexico is conceptualized in Nesbitt et al. (2008).
Around 11 LT, light precipitation initiates over the SMO peaks. Through the afternoon
the precipitation moves over the foothills and intensies while precipitation forms along the
coast as a result of a sea breeze. In the evening around 19 LT the two storms merge over the
coastal plains. By 1 LT, rainfall propagated to the coast and over the GoC and was light.
Moisture ux convergence (MFC), convective available potential energy (CAPE), and
convective inhibition (CIN) tend to follow this precipitation westward (Becker and Berbery
2008). Gulf of California surges are important to precipitation events in the Desert South-
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west. Surges modify the diurnal cycle such that moisture ux converges, initiating precipi-
tation that peaks about six hours after the peak in MFC. The average MFC eld resembles
conditions between surges, indicating that surges are relatively infrequent. Gulf surges only
aect the magnitude of CAPE and CIN, not the diurnal cycle.
The terrain and mountains also aect the diurnal cycle through land-sea breezes and slope
ows, although downslope ow is often weak due to clouds in the highest terrain that inhibit
radiative cooling (Ciesielski and Johnson 2008).
As an arid to semi-arid region, moisture is often the limiting factor in NAM precipitation.
The distribution and transport of water vapor is vital to NAM processes and has been hotly
debated over the last several decades.
Berbery (2001) proposed a typical diurnal moisture budget for the region based on Eta
model reanalyses. Evaporation from the GoC is an important source of moisture throughout
the diurnal cycle. Afternoon moisture ux divergence related to the sea breeze on the eastern
shore of the GoC takes moisture to slopes of SMO. MFC develops, sparking convection. In
the nighttime and early morning the circulation reverses, moving MFC to the coastline
and oshore, where it rains in the morning. He further states that convergence maxima
are collocated with precipitation maxima. (Nesbitt et al. 2008) corroborated this process
using observations from NAME in 2004. The diurnal cycle is imperative to any analysis of
precipitation in this region.
Regarding southern Arizona, Berbery (2001) found that the diurnal cycle of MFC was
reversed, with convergence at night and divergence during the day. The diurnal cycle in the
Southwest is less well dened and other factors, like the large-scale ow, hold more sway
over rainfall than over Mexico (Carleton 1985, 1986). Douglas (1995), among others, found
that the nocturnal low level jet over the northern GoC helps transport moisture into the
Southwest. A possible mechanism to spark precipitation over Arizona and New Mexico is the
GoC surge, a rush of low-level cool, moist air up the long axis of the GoC into the Southwest
via southern Arizona (Hales 1972; Brenner 1974; Schier and Nesbitt 2012). Northwestern
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Mexico and the GoM supply moisture to New Mexico during the monsoon, while Arizona
tends to receive moisture from the GoC via the GoC low-level jet (Mo and Berbery 2004;
Adams and Souza 2009). Models often have trouble capturing the structure of the low-level
jet.
2) Improving moist processes using higher resolution
The Intergovernmental Panel on Climate Change (IPCC) fourth assessment report (AR4)
anticipates a drier NAM region with more extreme precipitation events as a result of global
climate change. The AR4 states that global climate models (GCMs), most of which have
horizontal resolution around one degree or coarser, reproduce large-scale aspects of the cur-
rent and past climate. However, precipitation and regional projections are uncertain in part
due to insucient spatial scale (Christensen et al. 2007).
As part of the North American Monsoon Experiment (NAME), (Higgins and Gochis 2007)
hypothesized that improved large-scale dynamics depend on proper simulation of smaller-
scale variability, like the diurnal cycle, that are poorly depicted in GCMs (Gutzler et al.
2005; Emanuel et al. 2008; Lin et al. 2008).
Several studies have found that increasing the horizontal resolution notably improves
simulations of NAM precipitation and dynamics, although high resolution model runs may
not improve the diurnal cycle and use more computational resources (e.g., Leung and Qian
2003; Leung et al. 2004; Mo et al. 2005; Meehl et al. 2006; Collier and Zhang 2007; Lin et al.
2008). Better regional climate results may be due to better resolved processes as much as
better resolved terrain, particularly near mountains (Gao et al. 2006; Gent et al. 2009).
As noted in chapter 2, many of the dierences between low and high horizontal resolution
model results pertain directly to the precipitation characteristics mentioned in the AR4.
Resolution of at least 60 km was suggested for simulating regional climate over mountains
(Gao et al. 2006; Qian et al. 2010). Stensrud et al. (1995) successfully reproduced the
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diurnal cycle of confection and slope ows over the Sierra Madre Occidental (SMO) using
25 km resolution. Several other studies found that dynamic downscaling can improve results,
possibly counteracting dry biases in global models, at somewhat lower computational cost
(e.g., Kim and Lee 2003; Castro et al. 2007a; Saleeby and Cotton 2004; Leung et al. 2004;
Castro et al. 2007b; Tselioudis et al. 2011).
Comparing 2.0 to 0.5 model resolution, Lee et al. (2007) cited better downslope prop-
agation of convection initiated over the mountains and better representation of thermal
circulations as reasons for improved mountain, coastal, and oceanic diurnal cycles. How-
ever, large errors were left in the phase and amplitude of the diurnal cycle, suggesting that
resolution is only partially responsible.
Li et al. (2008) initialized 9 km and 3 km MM5 simulations with the 40 km NCEP Eta
Model 212 grid model analysis. At these resolutions the model more successfully captured
the phase and magnitude of the diurnal cycle of precipitation, but still missed details related
to nighttime precipitation over the GoC and along the coast. This is attributed to errors in
the vertical structure of meteorological elds, especially related to a too-weak GoC low-level
jet.
In light of the possibly dire eects of climate change, more thorough assessment of the
eects of resolution are needed, especially in mountainous and coastal regions like the NAM.
In pursuit of the NAME goals, this research used the Weather Research and Forecasting
(WRF) model to explore the role of model resolution in modulating NAM precipitation and
moisture budget on the diurnal scale and how simulated quantities compare to satellite-
observed precipitation and reanalysis precipitation and moisture budget.
Section two briey explains the methods and data used in the study, sections three and
four outline and discuss the results at the diurnal time scale, and section ve summarizes
the ndings. This is the second part of a two-part study.
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b. Data and methods
The 2000 and 2004 monsoon seasons (July-September) were the focus of this study. The
experimental setup was the same as in chapter 2.
1) Methods
This study seeks to explain the role of the moisture budget in modulating the magnitude
of rainfall during the NAM at a variety of model resolutions. The focus is on the diurnal
cycle. The moisture budget was calculated as in chapter 2.
The diurnal cycle was calculated for the entire domain. Regional subsets were used to
calculated the Mexico and Arizona-New Mexico (AZNM) time series lines. Times are local
to Arizona (UTC-7).
c. Results
1) Precipitation
(i) Diurnal time series
The time series of the diurnal cycle of precipitation was plotted to examine how WRF,
MERRA, and NARR handled the diurnal cycle, an important factor in precipitation in the
NAM region (e.g., Lang et al. 2007; Becker and Berbery 2008; Nesbitt et al. 2008). Coastal
ows and slope ows both work at the diurnal scale and can inuence precipitation. Note
that the gures for MEX and AZNM have dierent vertical axes so that the details of the
diurnal cycle are visible for both regions. The spatial distribution of precipitation within
the diurnal cycle will be examined in the next section.
MEX
As expected, precipitation over MEX reached a maximum in late afternoon and a minimum
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mid-morning in all cases in 2000 (Nesbitt et al. e.g., 2008; Fig. 45). WRF showed a peak
at 17 LT, a smooth six-hour rise before and a smooth six-our decline after. The peak
precipitation rate over MEX was about 18 mm/day in the 100 km and 25 km runs and
almost 22 mm/day in the 10 km run. From 23 LT to 11 LT precipitation was approximately
4 mm/day or less in all WRF runs. TRMM showed the precipitation peak at the same time
as WRF, but precipitation did not start to increase until 14 LT, three hours later than in
WRF. The peak rain rate was also lower in TRMM at 14 mm/day. After the peak, TRMM
precipitation gradually fell to 12 mm/day at 20 LT, 8 mm/day at 23 LT, and 4 mm/day at
2 LT. From 5 LT to 14 LT the rain rate was less than 2 mm/day in TRMM. The phase of
the diurnal cycle agrees with prior ndings based on ground radar and gauge observations
(Nesbitt et al. 2008; Gochis et al. 2009) The 11 mm/day diurnal peak in MERRA lasted
from 14 LT to 17 LT, indicating that either maximum precipitation lasted longer than in
TRMM or WRF or the actual peak was between the two times. Like WRF, precipitation in
MERRA rose steadily in the six hours leading to the peak and fell steadily in the six hours
following the peak. NARR showed little diurnal cycle over MEX in 2000. Precipitation
barely reached 3-4 mm/day between 14 LT and 2 LT in NARR and there was no dened
peak in the afternoon as there was in WRF, MERRA, and TRMM.
In 2004 the WRF diurnal cycle was very similar to 2000 with a six-hour rise to the peak
rain rate at 17 LT followed by a six-hour decline (Fig. 46). The peak rain rate increased
to about 21 mm/day in the 25 km run; the peak was somewhat similar (23 mm/day and
19 mm/day) in the other two runs. The rain rates from 23 LT to 11 LT were very similar
to 2000 in 2004 over MEX. The diurnal cycle in TRMM was also similar to 2000 except
that was about 3 mm/day higher 17-2 LT, including the 17 mm/day peak and rain rates
of 15 mm/day, 12 mm/day, and 6 mm/day at the three subsequent times. The rain rate
was again low in TRMM from 5 LT to 14 LT. In MERRA the diurnal cycle changed by less
than 1 mm/day at any time over MEX between 2004 and 2000. In 2004, the diurnal cycle of
precipitation in NARR was much like that in MERRA. Rain rates were about 1-2 mm/day
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lower than MERRA in NARR from 5 LT to 14 LT and about the same as MERRA the rest
of the time. NARR also showed longer-lasting peak rainfall 14-17 LT, similar to MERRA.
Unlike MERRA, the rain rate was about 1-2 mm/day higher at 17 LT than 14 LT in NARR
(MERRA was the opposite).
The change between the years was the most obvious in NARR, but TRMM and the 25 km
WRF run also showed substantial changes (Fig. 47). NARR basically added the afternoon
precipitation maximum in 2004. The 25 km WRF run enhanced the afternoon maximum
by about 2 mm/day and decreased late evening rainfall by about 1 mm/day. TRMM had a
greater diurnal peak and overnight rainfall (17-2 LT) by 2-3.5 mm/day. Changes from 2000
to 2004 in precipitation over MEX in the remaining two WRF runs and MERRA were less
than 1 mm/day throughout the diurnal cycle.
AZNM
Precipitation rates were much lower in AZNM than MEX throughout the diurnal cycle
(Fig. 48). The timing of the diurnal precipitation peak over AZNM was the same as MEX
in WRF and TRMM at 17 LT. The 100 km, 25 km, and 10 km WRF runs reached almost
3 mm/day, a bit above 4 mm/day, and about 5.5 mm/day, respectively. The minimum
precipitation rates, from 23 LT to 11 LT, also slightly increased with higher resolution, but
none of them rose above about 1.5 mm/day. In TRMM the precipitation peak was about
2.5 mm/day, lower than any of the WRF runs. Similar to MEX, the rain rate over AZNM in
TRMM slowly decreased from 17 LT to 23 LT over AZNM. By 2 LT it had dropped to less
than 1 mm/day in TRMM and remained that way until after 14 LT. The peak in NARR
happened at 17 LT, as in TRMM and WRF, but it was less than 2 mm/day. The rain rate
was about half of the peak at 14 LT and 20 LT in NARR, which made for a sharp diurnal
maximum. NARR showed another smaller jump in rainfall to about 0.8 mm/day at 8 LT.
The peak rain rate in MERRA was about the same as in TRMM, but it occurred from 11 LT
to 14 LT, 3-6 hours earlier than WRF, TRMM, or NARR. Precipitation increased suddenly
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in MERRA from less than 0.5 mm/day at 8 LT to the peak 11-14 LT, then decreased
gradually to about 0.5 mm/day by 23 LT.
Precipitation rates were uniformly lower at the diurnal peak in WRF in 2004 compared
to 2000 (Fig. 49). The 10 km run reached just above 4 mm/day, the 25 km run about
3 mm/day, and the 100 km run only 1.5 mm/day. TRMM and MERRA increased their
peak rain rates to 3 mm/day, while it was about 2.5 mm/day in NARR. The peak in WRF
and TRMM was again at 17 LT. In NARR the peak moved to 14 LT, three hours earlier
than in 2000. However, the rain rate at 17 LT was about the same in both years in NARR.
The peak in MERRA happened at the same time in 2004 as in 2000. All the WRF runs
had minima below 1 mm/day from 2 LT to 11 LT. NARR showed similar minimum values
from 20 LT to 8 LT, which is consistent with the diurnal cycle being shifted three hours
earlier than in WRF. MERRA showed a symmetric period of low rain rates overnight with
1 mm/day at 23 LT and 8 LT and about 0.6 mm/day from 2 LT to 5 LT.
None of the rain rates in the diurnal cycle over AZNM changed more than 2 mm/day
and, like over MEX, the strongest changes were associated with the diurnal peak or times
leading up to the diurnal peak (Fig. 50). In WRF, only the 100 km run showed a maximum
increase of 0.25 mm/day at 5 LT. The rest of the time the rain rate in 2004 was less than
or equal to the rain rate in 2000 in all WRF runs. The 10 km run showed a 1 mm/day
decrease 8-11 LT at the beginning of the increase to the 17 LT peak, a nearly 2 mm/day
decrease at 14 LT, and about 1.5 mm/day decrease at the peak. At 25 km resolution WRF
showed a decrease of 1.2 mm/day 14-17 LT. At 100 km the rain rate decreased by about
1 mm/day at 17 LT, about 0.8 mm/day at 14 LT, and about 0.5 mm/day at 20 LT. The
rest of the changes in the 100 km run were less than 0.5 mm/day. The changes in TRMM
were almost the opposite of the 25 km run except that precipitation increased only about
0.6 mm/day from 14-17 LT. Nocturnal precipitation did not increase in TRMM over AZNM
as it did over MEX. NARR increased by almost 2 mm/day at 14 LT, adding a well-dened
diurnal peak in 2004 that was absent in 2000 and was three hours earlier than in WRF and
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TRMM. MERRA also increased the rain rate during the diurnal peak by about 1 mm/day
from 11-14 LT.
(ii) Spatial distribution
TRMM
2000
In TRMM precipitation initiated by 14 LT over the SMO peaks in southern Durango and
southwestern Chihuahua (Fig. 51). Rainfall reached peak intensity of just above 30 mm/day
around 17 LT on the slopes of the SMO along the eastern border of Sinaloa. Precipitation
above 20 mm/day extended about 600 km along the SMO peaks at 17 LT from Nayarit to
far southeastern Sonora and from the SMO peaks west to the western border of southern
Durango and southwestern Chihuahua. Rainfall also started along the southern shore of
Mexico from 97W to 102W to the south of Mexico and oshore of Nayarit in connection
with two areas of localized heavy rain above 40 mm/day. Over the next six hours until 23 LT
precipitation rates decreased, more quickly north of 25N than to the south along the SMO.
During the same time, the coastal rain weakened and expanded away from the shore, more
quickly south of Mexico than near Nayarit. Precipitation over central Sonora increased to
8-10 mm/day by 23 LT, then decreased over the next couple of time periods and was gone
by 8 LT. South of Sonora rain slowly propagated west of the foothills around 23 LT and over
the GoC overnight. The area of rain around Nayarit stayed much stronger than rain to the
north along the SMO, with a maximum rain rate near 20 mm/day at 5 LT compared to just
over 1 mm/day o the Sonoran coast and about 6 mm/day o of northern Sinaloa. A strip
within about 50 km of the shore of southern Mexico east of 100W began to clear by 5 LT.
The clear area expanded to a maximum of 100 km from the coast and west about 200 km
by 11 LT before coastal precipitation began again at 14 LT.
Over AZNM light precipitation (<3 mm/day) showed up along the highest terrain in the
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Mogollon Rim and Sangre de Cristo by 14 LT and strengthened to 4-6 mm/day by 17 LT.
Precipitation >2 mm/day covered about half of AZNM at 17 LT. The rainfall over the
Rim merged with an area of rain along the southern border of Arizona that seemed to be
connected to the SMO rain at 17 LT. Rainfall slowly declined to less than 3 mm/day in
most areas by 2 LT. Precipitation over AZNM did not appear to propagate in any direction
in TRMM in 2000.
2004 and dierences
The qualitative pattern of precipitation throughout the diurnal cycle was the same in 2004
as 2000 (Fig. 52), but there were some dierences between years (g 53). Precipitation rates
were higher across MEX in TRMM in 2004 compared to 2000, particularly from 14 LT to
23 LT, and heavier precipitation was more widespread. Rain initiated over the SMO peaks by
14 LT. Rain rates reached >10 mm/day at 14 LT in 2004 (8 mm/day in 2000). By 17 LT all
the precipitation rates greatly increased over 14 LT to maxima of about 30 mm/day in MEX
and well over 40 mm/day in Nayarit, heavier than at the same time in 2000. However, rain
rates along the Sonora-Chihuahua border increased to nearly 30 mm/day a couple of spots
in 2004. The band of >20 mm/day rainfall reached an extra 50 km eastward into Durango
as well. Between Nayarit and the area of heavy precipitation south of Mexico, rainfall above
10 mm/day fell within about 50 km of the shore. At 20 LT, precipitation rates in TRMM
were less than 17 LT in 2004 and similar to 17 LT in 2000, further indicating that the entire
diurnal cycle of rainfall was stronger in 2004 in TRMM (see also Fig. 47). Rain rates declined
particularly over the SMO peaks and along the Sonora-Chihuahua border. The coastal plain
within about 20-30 km of the shore still only saw rain up to about 6 mm/day at 20 LT.
Maximum precipitation rates around 20-24 mm/day were a little more than 50 km west of
the SMO peaks. The storms over Nayarit and to the south weakened, though the rest of the
rainfall along the shore did not discernibly change. By 23 LT the heaviest rain along the
SMO was about 24 mm/day over the Sinaloa-Chihuahua border. The stronger storms over
Nayarit and south of Mexico remained, but the coastal rainfall between them weakened to
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less than 6 mm/day by 23 LT in most places. Most of the rest of the SMO still saw rain
rates in excess of 10 mm/day at 23 LT. Rain continued to weaken and moved from the SMO
oshore through 2 LT, leaving the strongest band of precipitation along the coast by 5 LT.
By 8-11 LT, almost all the rainfall was oshore. Rain rates still exceeded 6 mm/day in many
places over the GoC and reached about 20 mm/day o the coast of southern Sinaloa.
Similar changes aected AZNM as MEX from 2000 to 2004: precipitation rates were
higher, particularly in the evening, and rain was more widespread. The rain rate already
reached 6 mm/day over the Mogollon Rim and the southern Sangre de Cristo by 14 LT in
2004. New Mexico was almost entirely covered and Arizona was about half covered in rain
rates >1 mm/day in 2004, much more than the maybe 25-30% coverage of Arizona and New
Mexico in 2000. By 17 LT the maximum rain rate in AZNM rose to about 10 mm/day over
the eastern Mogollon Rim. Rainfall over the eastern Rim appeared to propagate southward
from 14 LT to 20 LT, and rain over the Sangre de Cristo seemed to move eastward from
14 LT through the night, much as the precipitation in Mexico moved westward from higher
to lower terrain. From 20 LT to 5 LT rain rates continued to decline over AZNM in 2004.
At 2 LT about half of Arizona and New Mexico had rain rates >1 mm/day. By 5 LT almost
all the rain was gone.
In TRMM, precipitation in the NAM region generally increased over land and decreased
in the ITCZ (Fig. 53). Rainfall increased over most of the SMO 14-2 LT with increases of
more than 10 mm/day in some areas like southwestern Chihuahua 17-23 LT. The coastal
plains and oshore areas showed mixed changes. Of note is the large, persistent decrease in
rainfall o the southern coast of Mexico.
MERRA
2000
In MERRA, precipitation up to 10 mm/day formed about 50-100 km west of the SMO peaks
by 11 LT, reached peak intensity near 30 mm/day over the SMO peaks around 17 LT, and
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began to weaken into the night (Fig. 54). There was some sign of upslope propagation (or
at least successive initiation) eastward from 11 LT to 17 LT leading up to the diurnal peak.
The orographic rain showed no sign of moving oshore at any latitude after the diurnal peak.
(Precipitation in the Rockies also showed no sign of propagation, indicating that the lack of
realistic propagation is not only an issue in the SMO in MERRA.) In the early morning, a
light band of precipitation formed along the coast up to northern Sinaloa that mimicked the
rainfall that propagated o the SMO in TRMM.
Much of the diurnal peak in MERRA over AZNM was because of widespread precipitation
across AZNM rather than strong precipitation. Light precipitation <3 mm/day started over
almost all of AZNM by 11 LT. Precipitation was up to 2 mm/day heavier in the southeast
corner of Arizona and southwest corner of New Mexico. This area seemed to be related
to precipitation in Sonora and along the SMO. By 14 LT the heaviest precipitation over
AZNM was 3-4 mm/day over the eastern Mogollon Rim. At 17 LT and 20 LT 1-2 mm/day
precipitation became less widespread, while the Mogollon Rim rainfall changed little in
location or intensity. Rainfall over the Mogollon Rim then decreased to a maximum of
3 mm/day by 23 LT and disappeared by 2 LT. A small area of precipitation continued near
the southern edge of the Sangre de Cristo in south-central New Mexico until more widespread
precipitation initiated again at 11 LT.
2004 and dierences
In MERRA, precipitation maxima were stronger and light precipitation was more widespread
in 2004 than 2000 (Fig. 55), much like in TRMM. Rainfall rst increased to more than
10 mm/day from the shore to about 100 km inland from 28N south beyond Nayarit at
11 LT. The center of the maximum was about 50 km inland, halfway between the SMO peaks
and the shoreline. At 14 LT the maximum moved east by about 50 km to the SMO peaks,
mostly in Durango, and strengthened to about 30 mm/day. Precipitation was heaviest along
the SMO at 17 LT, as in 2000, but the maximum rain rate reached more than 35 mm/day in
northwestern Durango. This strip of rain was about the same size as it was in 2000, but the
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maximum rain rate was only about 30 mm/day. Rainfall >20 mm/day spanned from about
50 km east of the SMO peaks to just west of the peaks and from about 22N to 28N along
the SMO ridge. From 14 LT to 23 LT the band of heaviest rain did not move from the SMO
peaks as it did in TRMM. After 17 LT, the rain rates weakened in place over the SMO,
more quickly north of Durango, to less than 8 mm/day north of Nayarit by 23 LT. At 2 LT
precipitation was picking up along the shore by Sinaloa as rain over the SMO disappeared.
This coastal rainfall continued to strengthen and >10 mm/day rainfall expanded 150 km
onshore by 11 LT. Much like in TRMM and NARR, MERRA showed increased precipitation
>20 mm/day o the coast south of Nayarit from 23 LT through 5 LT.
Precipitation was more evenly spread over AZNM than MEX in 2004. By 8 LT the eastern
three quarters of Arizona and New Mexico was covered in rain rates >1 mm/day. Slightly
heavier rain of 3-4 mm/day fell along the eastern Mogollon Rim and east of the Sangre de
Cristo. At 11 LT rain rates across both states increased by at least 1 mm/day, bringing the
maxima up to 6 mm/day along the highest terrain in 2004. For comparison, the maximum
rain rate in 2000 barely reached 4 mm/day and rainfall was much less widespread. Both
states still saw precipitation above 2 mm/day at 14 LT in 2004 except in southwestern
Arizona. Rain surrounding the high terrain began to weaken and the 4 mm/day contour
contracted after 11 LT. At 17 LT precipitation over AZNM had weakened substantially
except along the eastern Mogollon Rim. The Mogollon Rim rainfall also weakened 20-23 LT.
Only a <100 km wide strip of precipitation heavier than 1 mm/day fell across the center of
Arizona and New Mexico along the Rim at 2 LT and 5 LT, but precipitation over the area
never completely went away as it did in 2000. As in MEX in MERRA, there was no sign of
propagation o the high terrain in AZNM.
MERRA showed only weak dierences between the seasons in the spatially averaged di-
urnal time series and most of them were positive (Fig. 47). Precipitation was lower by up
to 8 mm/day over the Sonora-Chihuahua border 14-20 LT in 2004 (Fig. 56). Mostly in
Durango along the SMO, rain rates increased by up to 8-10 mm/day during the same time
72
period. These two large changes approximately balanced one another in the MEX regional
average time series. In surrounding areas the changes were less than 1 mm/day positive or
negative. Rainfall decreased by up to 3 mm/day 5-8 LT across most of Sinaloa into Durango
and oshore over the GoC. Because this area was at the southern edge of the MEX region,
it aected the diurnal cycle in Fig. 47 very little.
Over AZNM the changes were almost uniformly positive and usually <2 mm/day. From
11 LT to 14 LT precipitation increased by more than 3 mm/day east of the Sangre de Cristo
in eastern New Mexico and more than 2 mm/day along the eastern Mogollon Rim. These
increases along the terrain resulted in the 11-14 LT spike in the precipitation changes in
Fig. 50.
NARR
2000
Precipitation initiated in Durango, eastern Sinaloa, and Nayarit by 11 LT in 2000 in NARR
(Fig. 57). At that time precipitation north of Nayarit was mostly weaker than 3 mm/day. By
14 LT the rain rate over Sinaloa and Durango increased to 3-4 mm/day and a 100 km wide
band of 1-2 mm/day precipitation started along the Chihuahua-Sonora border. At 17 LT
the precipitation pattern over the SMO was essentially the same as at 14 LT with higher
rain rates. The maximum precipitation reached 4-6 mm/day over the Sonora-Chihuahua
border and southwest Durango by 17 LT. By 20 LT precipitation weakened to 3-4 mm/day
over Nayarit and southern Sinaloa. Meanwhile, the spatial coverage of 4-6 mm/day rainfall
along the Sinaloa-Chihuahua border grew. At 23 LT precipitation was less than 2 mm/day
across all of Sinaloa and Durango. The area of higher rainfall was still present over the
Sonora-Chihuahua border through 2 LT and even strengthened to exceed 6 mm/day at
2 LT in west-central Chihuahua. This was the cause of the nocturnal maximum in Fig. 45.
Precipitation increased to 4-6 mm/day again over land in a50 km wide band along the shore
in Sinaloa and Nayarit at 2 LT. By 5 LT, only southern Sinaloa showed weak precipitation
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above 1 mm/day. In general, precipitation seemed to initiate rst in the south, and later to
the north as if the trigger mechanism traveled up the Gulf like a GoC surge. NARR never
produced the precipitation over the GoC that was seen in TRMM and MERRA.
Precipitation was at a maximum over AZNM at 17 LT in NARR in 2000, mostly along the
Mogollon Rim and in southeastern Arizona. Northern New Mexico also saw precipitation
up to 2 mm/day. Three hours later the pattern of rainfall had not moved and the maximum
rain rate in AZNM dropped to 2 mm/day. By 23 LT only a small area of 2 mm/day
rain was left along the Mogollon Rim. Nocturnal precipitation occurred in northern New
Mexico along the Sangre de Cristo around 2 LT, but ended by the next time period. NARR
showed no rainfall in AZNM at 5 LT. A couple of spots of rain showed up briey along the
Mogollon Rim at 8 LT, which accounts for the small peak at 8 LT in Fig. 48, and in central
New Mexico at 11 LT. By 14 LT precipitation above 1 mm/day became more widespread in
northeastern Arizona and New Mexico and exceeded 3 mm/day in the northeastern corner
of each state. This precipitation had little eect on the diurnal cycle in Fig. 48 because it
was mostly north of the AZNM region dened for this study.
2004 and dierences
Rain rates were much closer to TRMM in 2004 than 2000 in NARR at all times and in
almost all locations (Fig. 58). Rain started over the SMO peaks in 2004 around 11 LT with
rain rates over 6 mm/day, already higher than the heaviest rain over the SMO in 2000. SMO
rain rates topped out around 20 mm/day in northern Sinaloa at 17 LT. The maximum was
a little over 50 km west of the SMO peaks over the eastern borders of Sonora and Sinaloa
at 17 LT. The heaviest strip was along the shore by 23 LT, and almost all the rain had
moved oshore by 5 LT. North of 24N the heaviest precipitation was only about 4 mm/day.
South of 24N, there was still a large area of >10 mm/day that extended at least 100 km
oshore all the way down through Nayarit. South of Nayarit at 5 LT, rain was pushed about
50 km oshore. Through 8 LT rain continued to weaken and move oshore. NARR did
seem to capture the propagation of precipitation from the SMO to the GoC that was shown
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in TRMM.
In AZNM precipitation was also more prevalent and heavier in 2004 than 2000 in NARR,
especially in eastern New Mexico and northern Arizona along the Mogollon Rim and the
Sangre de Cristo starting at 11 LT. The heaviest precipitation actually weakened from 8-
10 mm/day over New Mexico to 6-8 mm/day by 14 LT, but precipitation became more
widespread than at 11 LT and covered almost all of Arizona and New Mexico (except the
southwest corner of Arizona). This increased spatial coverage is the reason for the peak
precipitation at 14 LT in Fig. 49. At 17 LT precipitation maxima in eastern New Mexico
increased again, but those in Arizona weakened by 1-2 mm/day. Rainfall over the eastern
Mogollon Rim appeared to propagate southward from 11 LT to 17 LT, and rain over the
Sangre de Cristo seemed to move eastward, as in TRMM but earlier and stronger. By 2 LT
most of the precipitation in the two states was weaker than 2 mm/day. NARR showed
almost no rainfall in AZNM 5-8 LT. As seen in the time series in Fig. 49, the diurnal cycle
was shifted three hours earlier than in TRMM.
Precipitation was much higher across the entire NAM region in NARR from 11 LT to
20 LT in 2004 (Fig. 59). The largest precipitation increases in MEX at 11-14 LT were
aligned with the highest terrain along the SMO. The maximum increase exceeded 10 mm/day
near western Chihuahua 11-17 LT. The maximum moved southwestward from Chihuahua
to northern Sinaloa and southern Sonora during this time, indicating a much improved
representation of the precipitation propagating o the SMO to the GoC. Indeed, 20-8 LT
precipitation increased over the GoC when the nocturnal rain was present in TRMM. By
2 LT, the only time that showed a decrease in precipitation in 2004 in Fig. 47, a 400 km by
600 km area of decreased rainfall showed up over southwestern Chihuahua. This was in the
same location as the strongest precipitation feature in 2000.
In Arizona and New Mexico, the biggest precipitation increases (up to 4-6 mm/day) 11-
14 LT were along the Mogollon Rim and Sangre de Cristo and smaller increases covered
most of the rest of the two states, leading to the biggest increases shown in Fig. 50. At
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17 LT a band of decreased precipitation showed up from southeastern Arizona to through
northwestern New Mexico and decreased the regional average change in rain rate to about
zero. At 5 LT the region was covered almost entirely in increased rainfall, but then Arizona
showed decreases up to about 4 mm/day again at 8 LT.
WRF at 25 km resolution
2000
In the 25 km WRF run in 2000, precipitation initiated over the SMO peaks by 11 LT,
strengthened through 17 LT with a maximum precipitation rate near 40 mm/day over west-
ern Durango (g 60). The highest precipitation rates were concentrated around the highest
terrain. South of 25N, precipitation seemed to propagate about 50 km toward the GoC
14-17 LT, but to the north rainfall above about 20 mm/day simply expanded westward by
about 100 km from the peaks. By 20 LT, precipitation over the peaks dropped to around
6-8 mm/day while precipitation about 100 km west of the peaks only decreased to 10-
14 mm/day from 23N to the U.S. border. At the northern end in eastern Sonora, an
area of 18 mm/day rainfall persisted. Three hours later the precipitation rate along the
eastern border of Sonora was less than 3 mm/day and in eastern Sonora only reached about
8 mm/day. Traces of precipitation remained across Sonora and Sinaloa from 2 LT through
8 LT, mostly along the coastal plains.
Similar to MERRA, WRF formed a separate area of precipitation o the shore of Mexico
in 2000 in the 25 km run that could act like precipitation that moved o the SMO. The rst
sign showed up at 17 LT as a 50 km wide band of precipitation above 10 mm/day along
the west coast of Mexico south of 20N. From there it strengthened and expanded northward
and westward. By 20 LT the maximum rain rate approached 30 mm/day and 40 mm/day
by 23 LT around 102W. At the same time the area of high precipitation oshore expanded
northward to 25N at 20 LT and 26N at 23 LT. At 23 LT rainfall in excess of 20 mm/day
extended about 80 km o the shore of Sinaloa and more than 100 km o the shore of southern
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Mexico. The strip along southern Mexico stayed about the same at 2 LT and weakened to
less than 30 mm/day at 5 LT, while the strip along Sinaloa strengthened to a maximum of
more than 35 mm/day at 2 LT and around 50 mm/day by 5 LT. Over the next six hours
(5-11 LT) both areas of rainfall weakened, though precipitation >10 mm/day continued to
fall up to 200 km from the shore. By 17 LT the enhanced oshore rainfall was essentially
gone along southern Mexico and weakened to about 18 mm/day at the mouth of the GoC.
These oshore rains aected Fig. 45 very little because the MEX region is primarily over
land.
Precipitation was sparse and less than 2 mm/day in most areas over AZNM from 23 LT
to 8 LT in 2000 in the 25 km WRF run. Rain started to strengthen in Arizona at 11 LT,
particularly in the south-central portion of the state and along the Mogollon Rim. The
maximum precipitation rate was only 3 mm/day. Three hours later at 14 LT rain rates
increased to 10 mm/day near the highest points of the Mogollon Rim and Sangre de Cristo
and up to 8 mm/day along the rest of the terrain. Rainfall rates above 2 mm/day covered
nearly half of Arizona and New Mexico. By 17 LT the pattern was essentially the same,
but area covered by >10 mm/day rainfall increased over the eastern Mogollon Rim and
precipitation above 2 mm/day expanded to cover more than half of Arizona and New Mexico.
By 20 LT precipitation >1 mm/day still covered more than half of the two states, but the
maximum precipitation rate dropped to about 6 mm/day and was located in a small area of
northwestern New Mexico. The band of precipitation from southeastern Arizona to north-
central New Mexico that was seen in the seasonal plots in part I of this study (Fig. 2)
also became more apparent at 20 LT. By 23 LT precipitation had weakened to less than
2 mm/day in most places in a 500 km wide strip along the Arizona-New Mexico border.
2004 and dierences
As in 2000, rainfall was heavier in the 25 km WRF run than TRMM, MERRA, or NARR,
especially in southern Mexico in the afternoon and evening over land (Fig. 61). Compared
to WRF in 2000, the maximum rain rates in 2004 were a few mm/day higher. The timing
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of the diurnal cycle was the same in both years. Precipitation started on the western side
of the SMO peaks at 11 LT, a time period earlier than in TRMM. Three hours later the
precipitation was in the same location, but strengthened from a maximum of 6 mm/day
to about 30 mm/day in southern Chihuahua near the highest terrain. By 17 LT the rain
rates intensied further to about 40 mm/day in western Durango, about 50 km west of
the SMO peaks. The swath of >20 mm/day rainfall starting on the west side of the SMO
peaks expanded from about 100 km wide to 150-200 km wide, encompassing nearly all of
Sinaloa. Rainfall east of the peaks was more widespread and somewhat stronger in 2004 than
2000. At 20 LT, >2 mm/day rain was still widespread over Sonora, Sinaloa, Chihuahua, and
Durango. In contrast, the 1 mm/day contour in 2000 only reached halfway across Chihuahua
and Durango. Three hours later in 2004 most of Chihuahua was still covered by at least
1 mm/day rain rates, eastern Sonora still showed rain rates up to about 4 mm/day, and
rain persisted in a thin band along the eastern border of Sinaloa in 2004. In 2000 the rain
west of the SMO was similar, but there was almost no rain in Chihuahua or east of the
peaks in Durango. Scattered light rain <3 mm/day fell over Sonora 2-8 LT in both years.
Precipitation along the Sinaloa-Chihuahua border persisted through 5 LT in 2004, two time
periods longer than in 2000. WRF still showed little evidence of movement of precipitation
toward the coast along the SMO in 2004.
Oshore, the dierence in rain rates was quite striking. The magnitude of the oshore
precipitation in 2004 was much more like TRMM. When the oshore rain was at a minimum
at 14 LT, rain rates were about 6 mm/day at most within 150 km of the shore in 2004,
whereas some areas exceeded 10 mm/day in 2000. Three to six hours later (17-20 LT)
oshore rainfall looked similar in both years, though the rain immediately oshore was
about 5 mm/day lighter in 2004. By 23 LT the dierence between the years was much more
apparent. The maximum rain rate in 2004 was around 25 mm/day, compared to 40 mm/day
in 2000 and 25 mm/day in TRMM (but in a smaller area in TRMM). Rain >10 mm/day only
reached halfway up the coast of Sinaloa in 2004 instead of all the way to southern Sonora,
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though it was still about 200 km wide at the widest part of the band along the shore. At 2 LT
the precipitation along southern Mexico in 2004 weakened to about 20 mm/day maximum
and the 10 mm/day contour was up to 300 km from the shore. Oshore from central Nayarit
to about two thirds of the way up Sinaloa, the rain rate increased to about 25 mm/day in a
50 km wide band along the coast, about a third as wide as the similar area of precipitation
in 2000. At 5 LT in 2004, this northern band strengthened to about 35 mm/day (compared
to 25 mm/day o the coast of Nayarit to about 5 mm/day o of northern Sinaloa) and the
southern band continued to spread out into the Pacic ITCZ along the southern edge of the
domain. Over the following six hours (5-11 LT) both areas of rainfall weakened. By 11 LT
the southern portion of the oshore rainfall disappeared into the background precipitation
level and the northern portion weakened to about 20 mm/day in 2004. In 2000 both areas
of rainfall along the shore were still quite apparent. At 14 LT in 2004, the northern band of
rainfall was essentially gone, too.
New Mexico received more rain in 2004 than 2000 in the 25 km WRF run, but Arizona
seemed to receive about the same amount in both years. In 2004 there was almost no rain
over either state 5-8 LT. At 11 LT precipitation started along the Mogollon Rim and Sangre
de Cristo. By 14 LT precipitation over the Rim was about the same in both years, but over
the Sangre de Cristo rain rates were about 2-4 mm/day higher in 2004 and the 2 mm/day
contour was more than 100 km wide east to west in 2004 compared to a little over 50 km
wide in 2000. There was also an area of precipitation up to 4 mm/day over the New Mexico-
Texas border in 2004 that was absent in 2000. Three hours later at 17 LT all precipitation
increased across AZNM and nearly half of New Mexico saw rain rates above 6 mm/day in
2004, whereas in 2000 less than a quarter of the state saw rain >6 mm/day. In Arizona the
rain rates were similar in both years with a maximum around 14 mm/day over the eastern
Mogollon Rim. At 20 LT most of New Mexico was still covered in >2 mm/day rain and the
arc of precipitation through the Desert Southwest was about twice as wide as in 2000 and
covered all of New Mexico and half of Arizona. By 23 LT most of the rainfall in Arizona
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was gone. Precipitation rates were still above 1 mm/day across New Mexico at 23 LT. Only
scattered light rain was left over either state at 2 LT.
The excessive oshore rainfall in 2000 in WRF was greatly reduced in 2004 by more than
10 mm/day in some areas (Fig. 62). The whole GoC saw less rainfall in 2004, especially south
of 28N. North of that latitude the decrease was maximized around -4 mm/day at 5 LT.
Along southern Mexico precipitation decreased up to 150-200 km from the shore by at least
6 mm/day 23-11 LT. Over the coastal plains, the diurnal precipitation peak 14-17 LT was up
to 8-10 mm/day stronger, particularly over Sinaloa and somewhat less so over Chihuahua.
These increases were associated with the westward expansion (rather than propagation) of
SMO precipitation to the coastal plains in 2004. Along the SMO ridge, rainfall decreased in
a few spots 14-17 LT, but this contributed relatively little to the regionally averaged diurnal
cycle in Fig. 47. Decreases over northern Sinaloa and southern Sonora 20-23 LT were strong
enough to overcome the modest increases in southern Sonora and Durango in the MEX
regional average.
Precipitation decreased to varying degrees across most of Sonora and Arizona 11-23 LT. In
contrast with Arizona, New Mexico saw predominantly increased rainfall at all times during
the diurnal cycle, up to 6-8 mm/day over and east of the Sangre de Cristo 14-20 LT. This
may indicate a shift in moisture supply from Arizona to New Mexico and accounts for the
decrease in AZNM precipitation throughout the diurnal cycle (Fig. 50).
WRF at 10 km resolution
2000
Compared to the 25 km WRF run, the 10 km run increased maximum rain rates over
the SMO at 17 LT to more than 50 mm/day along and about 50 km west of the highest
terrain (Fig. 63). Away from complex terrain, precipitation appeared to be less aected by
increased resolution, as in Sonora. The terrain is relatively at in Sonora and precipitation
seemed to increase less during the afternoon and evening. Overnight, however, there were
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some localized areas of heavier precipitation in Sonora that may have been related to model
resolution more than terrain resolution. In the strip of oshore precipitation the maximum
rates also increased to more than 50 mm/day from 23 LT to 5 LT in the southern portion
and from 2 LT to 8 LT near Sinaloa. The oshore precipitation was relatively unaected by
increased resolution at its minimum at 14 LT. In AZNM the maximum precipitation rate
did not seem to increase, but larger areas were covered by higher rain rates from 14 LT
to 20 LT. From 23 LT to 11 LT the maximum precipitation rate was perhaps 1-2 mm/day
higher in isolated spots that were not necessarily related to terrain.
2004 and dierences
As in 2000, the 2004 10 km WRF run tended to increase and localize precipitation maxima
compared to the 25 km run (Fig. 64). At the 17 LT maximum, precipitation in the 10 km
run exceeded 50 mm/day over the SMO and 20 mm/day over the Mogollon Rim. In the
25 km run the maximum rain rates were 40 mm/day and 14 mm/day, respectively. These
changes in the rain rate were likely due to increases in the slope and height of the highest
terrain features. Though the intensity of the oshore rainfall increased compared to the
25 km run, the intensity was still less intense than the 10 km run in 2000 with a very
isolated maximum precipitation rate near 40 mm/day around 102W along the southern
shore of Mexico. Higher resolution did not aect the spatial coverage of precipitation.
As with the seasonal precipitation, the dierences between 2000 and 2004 were similar to
the 25 km WRF run in the 10 km run (Fig. 65). All of the changes were more localized,
even over water which indicates that increased spatial variation in precipitation was related
to the atmospheric grid resolution in addition to terrain resolution. However, decreased
precipitation over the SMO ridge became more conspicuous at 14 LT, which may account
for the smaller change at 10 km than 25 km in the diurnal peak in Fig. 47. At 20 LT, central
Sonora saw a 6 mm/day increase in rain rather than a nearly 10 mm/day decrease.
Over New Mexico the increase in precipitation east of the Sangre de Cristo was noticeably
weaker at 10 km resolution, especially 17-20 LT. Decreases in precipitation were also stronger
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and more widespread over Arizona than in the 25 km run, both of which contributed to
greater decreases in precipitation throughout the diurnal cycle over MEX (Fig. 47).
WRF at 100 km resolution
2000
In contrast with the 10 km run, the 100 km run decreased the maximum rain rates and
blurred the ne-scale precipitation over the complex terrain of the SMO compared to WRF
at 25 km resolution (Fig. 66). However, the diurnal cycle was essentially the same. At its
peak from 14 LT to 17 LT, precipitation west of the SMO reached about 35 mm/day. The
area of >20 mm/day reached about 100 km farther north and was wider at 17 LT compared
to 14 LT. By 20 LT precipitation south of 25N along the west side of the SMO dropped
to 4-6 mm/day. North of 25N the maximum was still about 10 mm/day in southwestern
Chihuahua and southern Sonora. As in the 10 km and 25 km runs, there was a gap in
western Sinaloa between precipitation near the SMO and oshore precipitation. At 23-2 LT,
precipitation above 2 mm/day extended about 100 km inland south of 25N and about 300-
400 km inland north of 25N. Only weak coastal precipitation survived around Sinaloa at
5 LT and precipitation was essentially absent over the SMO and surrounding areas by 8 LT.
Weak precipitation began again along and west of the SMO at 11 LT.
The oshore precipitation that exceeded 40-50 mm/day at its diurnal peak in the two
higher resolution runs was much weaker at 100 km resolution. The southern portion only
reached about 18 mm/day at 23 LT out to 100 km oshore. The northern portion showed
higher precipitation rates of around 30 mm/day 2-5 LT over the mouth of the GoC (which
was also just oshore at 100 km resolution; see upper left panel in Fig. 1 for 100 km terrain).
This area of rainfall weakened to >20 mm/day and persisted over the mouth of the GoC
23-11 LT. During the other three times (14-20 LT), precipitation was still higher than the
surrounding area, but to a much lesser degree. This is again in keeping with the other two
WRF runs, just more blurred and with lower maximum rain rates.
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Over AZNM the eect of lower resolution was essentially the same in that the pattern
of precipitation was more blurred, the maximum rain rates were somewhat reduced (par-
ticularly over the highest terrain), and the diurnal cycle was unchanged. The maximum
precipitation rate 14-17 LT was about 10 mm/day, compared to around 15 mm/day in the
25 km run.
2004 and dierences
As in 2000, reducing model resolution to 100 km decreased the maximum precipitation rates
and blurred the pattern of precipitation in 2004 (Fig. 67). The maxima over the SMO and
Mogollon Rim were reduced to 35 mm/day and 6 mm/day compared to 40 mm/day
and 14 mm/day in the 25 km run. The drastic reduction in precipitation and very blurred
appearance over the Rim is because it barely existed in the 100 km terrain (Fig. 1). The
highest terrain, and highest rain rates, were shifted to New Mexico instead of eastern Arizona
over the actual location of the Mogollon Rim. Precipitation rates over land were closer to
TRMM in the 100 km run than the 25 km run, but the oshore precipitation to the south
and west was actually weaker than TRMM in the 100 km run. Also recall that TRMM often
underestimates the rain rate in mountainous areas, so the 100 km run may underestimate
rain across the domain.
The dierence between the 2000 and 2004 100 km WRF runs highlights many of the
large-scale changes seen in the two higher resolution runs, though the changes were usually
weaker or covered less area (Fig. 68). For example, the GoC is almost completely covered
in decreased precipitation at every time. The large area of >10 mm/day decrease oshore
of Sinaloa was about as strong at 100 km as 25 km and 10 km, but it covered less area.
The 100 km model only dierentiated increased precipitation along the coastal plain from
decreased precipitation along the SMO ridge at 17 LT, not 14-17 LT as the 10 km and 25 km
runs did. Over land in MEX most of the changes were less than 4 mm/day. Positive and
negative changes balanced each other, resulting in little change in the diurnal cycle (Fig. 47).
The dichotomy of change between Arizona and New Mexico was also clearer at 100 km
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than at higher resolutions, especially 14-17 LT. Across all of Arizona and a third of the way
into New Mexico, encompassing the entire AZNM region, precipitation decreased by up to
4 mm/day and decreased the diurnal cycle peak in Fig. 50. At other times the changes were
mostly less than 1 mm/day positive or negative and the regional diurnal cycle changed by
less than 0.5 mm/day.
2) Moisture budget
The time series of the diurnal cycle of the components of th moisture budget|precipitation,
evaporation, and moisture ux convergence (MFC)|was plotted to take a rst look at how
WRF, MERRA, and NARR depicted the diurnal cycle. Note that the gures for MEX and
AZNM have dierent vertical axes so that the details of the diurnal cycle are visible for both
regions. The spatial distribution of the moisture budget variables will be examined in the
next section.
Part I of this study indicated that moisture ux convergence and precipitable water may
modulate interseasonal changes in monsoon rainfall. However, precipitable water changes
little on the diurnal time scale, so only moisture ux convergence and evaporation will be
examined in more detail.
(i) Moisture budget time series
Mexico
Moisture ux convergence showed a similar diurnal cycle to precipitation in WRF in 2000
over MEX (Fig. 69). Like precipitation, MFC peaked at 17 LT, the peak increased with
higher resolution, and MFC was zero or negative at 11 LT and 23 LT MFC in all runs (when
little precipitation occurred). At 100 km resolution the peak MFC was 22 mm/day. At
25 km it increased to 28 mm/day and at 10 km 31 mm/day. Overnight divergence also
increased from about 9 mm/day in the 100 km run to 12 mm/day in the 25 km and 10 km
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runs. MERRA showed a similar relationship between precipitation and MFC, with the MFC
peak between 14 LT and 17 LT around 14 mm/day. MFC was zero or negative at 11 LT and
23 LT in MERRA and overnight divergence reached 4 mm/day. In NARR, MFC peaked
14-17 LT around 5-6 mm/day and dropped just below zero overnight. Both the diurnal cycle
of precipitation in NARR, and the diurnal cycle of MFC were very low amplitude compared
to WRF and MERRA.
Evaporation changed less than MFC between WRF runs in 2000. The peak in evaporation
was at the same time in all the WRF runs in 2000, was aligned with insolation, and preceded
the peak in MFC and precipitation. Peak evaporation occurred around 14 LT, which seems
late but is reasonable given the three-hourly resolution of the model output, and reached
10-12 mm/day in all WRF runs. From 20 LT to 8 LT evaporation was essentially zero in
the regional average. In MERRA evaporation peaked from 11 LT to 14 LT with a maximum
rate comparable to those in WRF. Like the other variables in NARR, evaporation was
substantially lower than in WRF or MERRA. The maximum was at 11 LT around 5 mm/day
and it fell to nearly zero 17-2 LT.
The diurnal cycle of the moisture budget in WRF was very similar to 2000 in 2004
(Fig. 70). MFC peaked at 17 LT at 23 mm/day in the 100 km run, 28 mm/day at 25 km, and
29 mm/day at 10 km. The MFC minima were less variable than in 2000. All runs reached
minima of 10-12 mm/day of divergence around 8 LT. MFC changed a bit more between years
in MERRA than in WRF. The peak was a little weaker near 12 mm/day 14-17 LT and the
minimum stronger at 6 mm/day divergence at 8 LT. In NARR, the diurnal cycle of MFC
was surprisingly similar to 2000 in 2004, particularly since the diurnal cycle of precipitation
changed so much. The maximum was around 4 mm/day at 14 LT and the minimum about
2 mm/day divergence at 5 LT.
Evaporation was almost the same in the regional averages in both years in WRF and
MERRA. In NARR, however, the evaporation rate increased substantially. The peak was
still at 11 LT, but it increased to about 9 mm/day in 2004 from 5 mm/day in 2000.
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The dierence between the two years more clearly showed the subtle dierences in the
diurnal cycle (Fig. 71). The strongest increase in MFC in the 100 km WRF run was 11-
17 LT and reached 1-2 mm/day, about 5-10% of the actual magnitude. Convergence also
decreased 20-23 LT by >2 mm/day and divergence at 8 LT increased by about 1.5 mm/day.
Precipitation changed by less than 1 mm/day throughout the diurnal cycle and evaporation
changed very little. At 25 km, MFC increased by about 3 mm/day at 14 LT, decreased
by almost 4 mm/day at 17 LT, increased by about 2.5 mm/day at 2 LT, and decreased
by about 2 mm/day at 8 LT. The 10 km run showed similar variability across the diurnal
cycle with less of an increase midday in MFC and a larger increase in the early morning.
MFC increased by >3 mm/day 2-5 LT and only a little more than 1 mm/day at 11 LT. The
increased divergence noted at both 100 km and 25 km resolution was almost nonexistent
at 10 km around 8 LT. Evaporation changed very little in the 10 km run and increased by
0.5 mm/day 11-14 LT in the 25 km run. Recall that the 25 km run also produced the
biggest increase runs in afternoon precipitation of all the WRF over MEX.
MERRA also showed a highly variable pattern with the most pronounced dierence as
increased MFC 20-2 LT (which was actually decreased divergence 23-2 LT). At 20 LT conver-
gence increased by nearly 5 mm/day, and 23-2 LT divergence decreased by about 5.5 mm/day
and 2 mm/day. Though the magnitude of these changes was about on par with those in
WRF, they represent a larger proportional change. MFC more than doubled at 20 LT and
changed from divergence to convergence at 23 LT. These changes resulted in a <1 mm/day
increase in midday and overnight precipitation. The rest of the changes in MFC in MERRA
were less than 1 mm/day. Evaporation changed very little.
It has already been discussed that the diurnal cycle of precipitation was nearly absent in
NARR in 2000 over MEX and reappeared in 2004. Possibly related is the large increase in
evaporation since there was more precipitation to supply ground-based moisture. Evapora-
tion increased by nearly 4 mm/day at 11 LT and about 2.5 mm/day at 8 LT and 14 LT,
changes as large as those seen in MFC in MERRA and WRF. MFC in NARR, on the other
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hand, decreased from 2000 to 2004 at every time in the diurnal cycle. The largest decrease
was only 2 mm/day at the peak at 14 LT, but it represented a drop in MFC of about 30%.
AZNM
Though the diurnal cycle of precipitation and evaporation were similar to MEX in AZNM
in 2000, MFC was substantially dierent in all cases (Fig. 72). All WRF runs produced a
double-peaked pattern with one maximum at 8 LT and the other at 20 LT. Between the
peaks were periods of divergence. In the 100 km run, the peak values were 1 mm/day
and almost 3 mm/day and both positive peaks lasted two time periods. The two higher
resolution runs showed each maximum at only one time with greater MFC rates than in the
100 km run. Both of them showed MFC of about 2 mm/day at 8 LT and 4-5 mm/day at
20 LT. Divergence, which maximized at 2 LT and 14 LT was stronger with lower resolution.
The 100 km run showed 3 mm/day divergence at 2 LT and slightly more than 1 mm/day
divergence at 14 LT. The 2 LT minimum was a bit stronger than 2 mm/day divergence at
25 km and a bit less than 2 mm/day at 10 km. The 14 LT minimum was under 1 mm/day
at 25 km and nearly zero at 10 km. In MERRA the diurnal cycle showed a >2 mm/day
maximum 23-2 LT and 0.5 mm/day minimum 8-11 LT. NARR showed a weak nocturnal
peak in MFC 1.5 mm/day overnight at 23 LT and MFC of 1 mm/day at 2 LT and 8 LT.
The rest of the times MFC was positive and less than 1 mm/day, making for little variability
in MFC throughout the day. MERRA and NARR diurnal cycles of MFC were substantially
dierent in amplitude from WRF.
Evaporation peaked midday with the peak in insolation, though values were lower than in
MEX, probably related to less available water on the ground because of less precipitation.
The peaks in WRF were about 2 mm/day at 100 km, a bit over 3 mm/day at 25 km, and
nearly 4 mm/day at 10 km. In MERRA the peak was a little over 2 mm/day and in NARR a
little under 2 mm/day. All of these peak evaporation rates were less than half the peak over
MEX, and the peak evaporation in MERRA and NARR exceeded the peak precipitation
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rate.
In 2004 the diurnal cycle of evaporation was similar to 2000 but and MFC was much
lower in amplitude (Fig. 73). All the WRF runs again showed double peaks, though diurnal
variability was much lower and the nighttime peak was at 23 LT in the 100 km and 25 km
runs instead of 20 LT. Afternoon divergence was 1 mm/day in all the runs. In the 25 km
run, MFC never reached 1 mm/day positive or negative MFC. Late evening convergence
reached about 1.5 mm/day at 100 km and a little more than 2 mm/day at 10 km, and
morning convergence reached about 1 mm/day in all runs. MFC in MERRA again hit a
minimum of approximately zero in the afternoon and a 2 mm/day maximum 23-2 LT. NARR
showed little discernible diurnal cycle besides a small increase 23-2 LT to 1-1.5 mm/day from
about 0.5 mm/day throughout the rest of the day.
Evaporation peaks were a little lower in WRF and a little higher in reanalyses. In WRF
the maxima were just under 2 mm/day, just under 3 mm/day, and just over 3 mm/day for
the 100 km, 25 km, and 10 km runs. In MERRA the maximum increased to about 3 mm/day
and in NARR to a solid 2 mm/day.
Besides increases in overnight MFC, the general decrease in evaporation and MFC over
AZNM in WRF match the decreased precipitation (Fig. 74). The biggest decreases in MFC
were during the late afternoon maxima and the biggest increases were overnight. All of the
changes acted to bring MFC closer to zero throughout the diurnal cycle in WRF. The peak
evaporation also decreased by a bit less than 0.5 mm/day in all WRF runs.
MFC in MERRA increased by a little more than 1 mm/day at 8 LT and decreased by
about the same amount 17-20 LT. These changes in MERRA shifted the daytime minimum
to the morning rather than late afternoon. Evaporation increased by more than 0.5 mm/day.
All changes in NARR MFC were less than 0.5 mm/day, and evaporation changed even less.
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(ii) Spatial distribution
Evaporation
MERRA
Evaporation in MERRA showed a very strong diurnal cycle in 2000 with the maximum
11-14 LT and less than 1 mm/day everywhere on land 20-2 LT (Fig. 75). There was no
apparent variation in peak evaporation with longitude. In the intermountain west and the
western half of Mexico the highest evaporation rates were collocated with the highest terrain.
This makes sense since insolation increases with altitude. The maximum evaporation rates
exceeded 16 mm/day in isolated spots over the SMO and 14 mm/day in a 150 km wide swath
from the southern end of Nayarit to halfway up the Sonora-Chihuahua border. Evaporation
tapered o to 7 mm/day along the GoC shore, about where the terrain dropped below
2000 m east of the SMO peaks, and in central Sonora to the north. Evaporation above
3.5 mm/day covered most of Sonora, the northern half of the GoC, and halfway across the
southern GoC. To the east it reached another 150-200 km beyond the 7 mm/day contour.
Evaporation over water varied by about 1 mm/day at most, with maxima over the GoM
20-2 LT and along southern Mexico 14-17 LT, and over the GoC 2-5 LT.
In AZNM the highest evaporation rate, about 4.5 mm/day, was over the tallest terrain in
the Mogollon Rim and the 3.5 mm/day contour only covered a wedge about 250 km long
by up to 250 km wide at the 14 LT maximum. The Sangre de Cristo was associated with a
smaller increase in evaporation, up to 3.5 mm/day only over the very southern tip. Higher
evaporation was seen in far northern New Mexico related to the southern Rockies. The pat-
tern of evaporation over the NAM loosely matches the seasonal distribution of precipitation
over both regions in part I (see Fig. 2).
As with precipitation, evaporation was stronger over AZNM and weaker over MEX in
2004 compared to 2000 (Fig. 76). The timing of the maximum was the same as in 2000
and the pattern across the NAM also more or less coincided with the seasonal distribution
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of precipitation in part I (see Fig. 3). The 14 mm/day contour reached about 50 km south
of the northern tip of Sinaloa at 11 LT, which was about 400 km farther south than the
northern edge in 2000. The swath of >14 mm/day evaporation was about 100 km wide
with the eastern edge centered over the peaks of the SMO. The 7 mm/day contour was less
contracted in the north and covered the same width over the SMO in 2004 as 2000. The
3.5 mm/day contour covered nearly the same area as well at 11 LT, except it extended farther
beyond the U.S.-Mexico border 108-111W and joined with the 3.5 mm/day contour over
the Mogollon Rim. Overnight evaporation increased slightly, but no land area saw greater
than 1 mm/day evaporation 20-5 LT.
The 14 LT Maximum over the eastern Mogollon Rim reached >7 mm/day in 2004, a nearly
two-fold increase over 2000. The increase in evaporation over the eastern half of New Mexico
was even more dramatic. The southern end of the Sangre de Cristo reached >7 mm/day and
the southern end of the Rockies >8 mm/day. Surrounding areas in the eastern half of New
Mexico exceeded 5 mm/day. In 2000 the evaporation rate reached 1.5-2.5 mm/day across
most of that area. This change in the spatial distribution of evaporation was again like the
change in the seasonal distribution of precipitation over Arizona and New Mexico, as was
the case over the SMO.
The relationship between interseasonal changes in evaporation and the strongest changes in
precipitation becomes even more apparent when looking at the dierence between the years
(Fig. 77, compare to Fig. 4). Over MEX precipitation and evaporation were reduced in a
bubble over the Sonora-Chihuahua border and increased over the SMO. Southern Sinaloa
was an exception to this relationship, possibly because of the relatively large increase in
precipitation at the diurnal peak in evaporation and precipitation. One might also expect to
see a larger increase in evaporation near the SMO peaks because the precipitation increased,
but other factors like more frequent clouds or a moister atmosphere may limit the increase
in evaporation. In AZNM the increase in daytime evaporation was slightly stronger than the
increase in daytime precipitation. Because AZNM tends to be drier and receive less rainfall
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than MEX, there was more potential for evaporation to increase over AZNM (unlike the
SMO).
NARR
Unlike MERRA, NARR showed peak evaporation rst in the eastern part of the domain
and a time period later in the western part of the domain in 2000 (Fig. 78). Evaporation
was much lower over the entire NAM region in NARR, but still appeared connected to the
seasonal precipitation pattern. The maximum was still 11 LT in MEX, with rates up to about
7.5 mm/day over the SMO in Durango and along the coastal plains in Sinaloa. The GoM and
southwestern shore of Mexico saw higher evaporation rates in NARR than MERRA, up to
nearly 6 mm/day at most times throughout the diurnal cycle. Evaporation was even higher
over the GoC because the surface temperature of the water was higher, starting suddenly at
about 22N at the mouth of the Gulf (gure not shown). This discontinuity in the sea surface
temperature showed up in NARR as sudden jumps in the temperature of the Gulf at the
beginning of each month. These sudden jumps in the sea surface temperature did not occur
anywhere besides the GoC. Because the data ingested into NARR, 1.0 Reynolds sea surface
temperatures, did include the GoC, the NARR used monthly mean values from Guaymas,
Mexico, a town about 250 km north of the southern border of Sonora along the coast, to
set the sea surface temperature for the entire GoC (Mesinger et al. 2006). Since NARR
was used for the boundary conditions in WRF, it is likely that the increased sea surface
temperature will also aect the model runs by increasing evaporation over the GoC and
thereby increasing instability. This likely played a role in the excessive oshore precipitation
and high levels of MFC over the GoC in WRF.
In AZNM the 14 LT maximum barely reached 4 mm/day in southeastern Arizona and
only 3.5 mm/day over the Mogollon Rim and Sangre de Cristo. This loosely matched the
seasonal precipitation pattern, but it is dicult to connect specic evaporation maxima
to the seasonal precipitation in 2000 because it was weak across the entire region. It is
easier to do so when looking at the 17 LT precipitation maxima, which focused on the same
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locations as the evaporation maxima. These precipitation maxima seem to play an even more
important role in the distribution of surface moisture in the drier U.S. portion of the NAM
than the wetter Mexico portion. There was very little change in evaporation immediately
along the U.S.-Mexico border, where there was little evaporation or precipitation in the
seasonal averages.
Evaporation showed a denite maximum of up to 14 mm/day in northern Sinaloa about
150 km west of the SMO peaks at 11 LT in 2004, much higher than the maximum over the
same area in 2000 (Fig. 79). The 7.5 mm/day contour was 150-200 km wide from Nayarit
up to 28N. Evaporation exceeded 3.5 mm/day o the coast of Sinaloa to within 150 km of
the U.S. border. Over the GoC evaporation was 2 mm/day higher throughout the diurnal
cycle in the northernmost 300 km and 1 mm/day lower elsewhere. The discontinuity was
still present at the mouth of the Gulf, indicating that the sea surface temperature included
a similar error in 2004 as 2000. Evaporation over the GoM was higher along the eastern
shore of Mexico, up to 4.5 mm/day in 2004 compared to 3.5 mm/day in 2000.
AZNM also saw an increase in evaporation over the Mogollon Rim and Sangre de Cristo
and a decrease in southeastern Arizona. The eastern Rim reached about 5 mm/day and the
entire length of the Sangre de Cristo topped 4 mm/day at 11 LT. Evaporation also increased
slightly over the western Rim and surrounding areas.
The dierences between the years are highlighted in Fig. 80. The changes in evapora-
tion were much less dramatic than the changes in precipitation across the NAM domain in
NARR. However, there was a substantial increase of 4-6 mm/day from central Sinaloa and
southwestern Chihuahua into central Sonora at 11 LT. The increase over most of the same
area at 8 LT and 14 LT was 2-4 mm/day. Evaporation increased by up to 3 mm/day 5-11 LT
over the northern tip of the GoC and decreased by 1-2 mm/day along the Sinaloa coast at
14 LT and 5 LT. These may result from moisture divergence that carried the evaporated
water into the SMO around 14 LT and increased cloudiness and humidity associated with
precipitation at 5 LT. The former possibility will be investigated in the next section, while
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the latter is outside the scope of this study.
The biggest changes over AZNM, up to just over 3 mm/day, were focused east of the
Sangre de Cristo at 11 LT, again the same general area where there was the biggest increase
in peak precipitation. Evaporation along and north of the Mogollon Rim showed increases
that barely exceeded 1 mm/day at 11 LT.
WRF at 25 km resolution
In the 25 km WRF run in 2000, evaporation was maximized at 14 LT across the entire NAM
region and was higher than either MERRA or NARR (Fig. 81). From the SMO peaks to the
southwestern border of Chihuahua and in a narrow band along the eastern Sinaloa border
evaporation exceeded 14 mm/day at 14 LT. The coastal plain from in southern Sinaloa and
Nayarit also saw evaporation rates above 14 mm/day. Evaporation dropped to <5 mm/day
about 50 km east of the peaks in Chihuahua and Durango. Over Sonora, evaporation still
exceeded 7.5 mm/day east of about 110W (except a small area in the northeastern corner of
the state). Over the GoC and GoM evaporation was elevated compared to other water areas
at the same latitude. The GoM reached 4-6 mm/day along the shore, which the highest
values in the late evening and lowest mid to late morning. The GoC showed even higher
evaporation rates, especially along the shore overnight. Rates exceeded 8 mm/day up to
100 km from the western shore of the GoC 23-11 LT and in a thin band along the eastern
shore near Sinaloa 5-8 LT. The high evaporation along the eastern shore was collocated with
high precipitation at the same times in the diurnal cycle. WRF also showed the sudden
change in evaporation at the mouth of the Gulf from about 4-5 mm/day to the south and
>7 mm/day to the north, which was likely a result of a discontinuity in the sea surface
temperature ingested monthly from NARR. This discontinuity resulted in sudden jumps in
the temperature of the Gulf at the beginning of each month (0.6 K on July 1, 2 k on August
1, and 1 K on September 1 up to just over 306 K). By September the GoC was the warmest
water area by more than 3 K. Through increased evaporation and instability, elevated sea
surface temperatures could promote higher precipitation rates as seen in Fig. 60.
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Evaporation maxima over AZNM more closely followed the maximum terrain and sea-
sonal precipitation (which mostly resulted from maxima during the diurnal peak) in WRF
compared to MERRA and NARR. This closer correspondence may be because precipitation
maxima were higher in WRF, so there was a stronger gradient in surface moisture from
lower to higher rainfall areas that resulted in a similar pattern in evaporation. Over the
eastern Mogollon Rim evaporation reached about >8 mm/day. Over the rest of the Rim
and the southern tip of the Sangre de Cristo evaporation was around 7 mm/day at 14 LT.
The southern Rockies in northern New Mexico saw even more evaporation (>10 mm/day).
Evaporation was very similar over MEX in 2004 compared to 2000 in the 25 km WRF
run and compared well to the seasonal pattern of precipitation (Fig. 82). The biggest
change was that the 10 mm/day contour expanded about 50-100 km eastward from the
SMO. Evaporation over the GoC was much lower, with >8 mm/day only occurring within
50 km of the western shore and at the northern tip of the Gulf overnight. O of Sinaloa the
evaporation rate was 5-6 mm/day in most places and slightly lower north of Sinaloa over the
GoC. Evaporation reached >5 mm/day over about three quarters of Mexico at the 14 LT
peak and the maximum precipitation rates over the Sangre de Cristo and southern Rockies
increased in spatial coverage. Evaporation was about the same over Arizona in 2004 as 2000,
much like precipitation.
As noted above, the biggest changes in evaporation were east of the SMO, over eastern
New Mexico, and over the southern GoC. (Fig. 83). The former two occurred 11-17 LT,
while the latter was apparent throughout the diurnal cycle. The increase over New Mexico
matched the pattern of seasonal precipitation changes in Fig. 4. Over the GoC, the location
of the greatest decrease in evaporation matched the very large decrease in precipitation o
the Sinaloa shore, though evaporation only decreased by up to 2 mm/day, a small portion of
the >10 mm/day decrease in precipitation. The area of higher evaporation east of the SMO
did not seem to be related to a marked increase in precipitation. However, it was again in
a relatively dry area and matched the location of an increase in the diurnal maximum of
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precipitation.
WRF at 10 km resolution
The changes in evaporation from 25 km to 10 km resolution in both seasons were similar
to those seen in precipitation: maxima increased and became more localized, particularly
around high terrain (gs. 84 and 85 are included for completeness). Because of the subtlety
in the changes in evaporation, it is more useful to directly examine the dierence between
the seasons to nd out how the 10 km model run treated the dierence between wet and dry
seasons (Fig. 86). Most of the changes from 2000 to 2004 in the 10 km run were essentially
indistinguishable from those in the 25 km run, though slightly stronger.
WRF at 100 km resolution
The dierence in evaporation between the 25 km and 100 km runs was somewhat more re-
markable than the dierence between the 10 km and 25 km runs, but it was still qualitatively
the same as the change in precipitation described in the prior section and approximately op-
posite the changes going from 25 km to 10 km resolution (gs. 87 and 88 are included for
completeness). For example, over the SMO the 14 mm/day contour encompasses a smaller
area at 14 LT than it had in the other two runs and evaporation over the GoM was about
0.5 mm/day less at 100 km resolution compared to 25 km resolution. Evaporation over
AZNM was also displaced eastward compared to the other runs and was much weaker be-
cause the Mogollon Rim barely existed in the 100 km terrain. Probably because of this
dierence in terrain, evaporation over northern Arizona decreased by >1 mm/day 14-17 LT,
whereas in the 25 km run evaporation changes were a mix of positive and negative, both less
than 1 mm/day (Fig. 89). This was collocated with a larger decrease in precipitation at the
same times in the diurnal cycle (Fig. 68).
Summary of spatial distribution of evaporation
While the timing of the diurnal cycle of evaporation was aligned with insolation, the spatial
distribution of seasonal precipitation controlled the large-scale pattern of evaporation, and
where precipitation was maximized in the seasonal rainfall and at the diurnal peak in rainfall,
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evaporation was also at a maximum. The latter is because evaporation depends on available
water at the surface. In the semi-arid to arid climate of the NAM, surface water can be
quite limited. For a similar reason, the pattern of evaporation seemed to match the spatial
distribution of seasonal precipitation because there was more available moisture on a regular
basis. It is outside the scope of this study to dierentiate between evaporation as a cause or
eect of precipitation (or vice versa).
Moisture ux and moisture ux convergence
MFC seemed to explain a considerable amount of the spatial and temporal variation in pre-
cipitation on the seasonal scale in part I and the relationship between MFC and precipitation
was robust between seasons. The diurnal time series showed that MFC did not seem to play
a direct role in the diurnal cycle of precipitation over AZNM, but it did over MEX. It was
also found that the diurnal cycle of MFC over AZNM in MERRA closely matched the results
from an observational study.
Here we will examine the spatial distribution of MFC and moisture ux through the diurnal
cycle. Because the diurnal cycle of precipitation was seen to be similar between years in most
cases in prior sections, it is expected that the diurnal cycle of MFC and moisture ux will
also be similar between years. This section will focus rst on MFC and moisture ux in
2000. Results from 2004 will be examined more briey to check if the relationships seen in
2000 hold true in 2004 and examine how changes in moisture transport may have aected
MFC throughout the diurnal cycle.
MERRA
MEX 2000
11 LT
As seen in gs. 72 and 69, the diurnal cycle of MFC was stronger over MEX than AZNM
(Fig. 90). Precipitation initiated along the coastal plains by 11 LT in an environment of
mixed MFC: negative MFC within about 80 km of the shore and positive across the western
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half of Durango and in southeast Chihuahua. Easterly moisture ux turned southeasterly
approximately at the boundary between positive and negative MFC. In MERRA, this was
the eastern side of the tropical wave-like feature (TWF) mentioned in part I. Moisture
diverged at a rate of >6 mm/day across most of the GoC, up to nearly 10 mm/day o the
coast of Sinaloa.
14 LT
At 14 LT MFC increased to >30 mm/day centered about 50 km west of the SMO peaks
parallel to the eastern border of Sinaloa from Nayarit to about 28N. In contrast with
the prior time period, this area of MFC was collocated with the precipitation maximum.
Moisture ux was still easterly over Mexico and turned more sharply than at 11 LT near
the western boundary between positive and negative MFC. This moisture ux ran nearly
parallel to the long axis of the GoC, increasing moisture divergence to 10-15 mm/day over
almost the entire Gulf.
17 LT
At 17 LT the maximum MFC moved almost 50 km up the western slopes of the SMO and
weakened to just over 20 mm/day. Precipitation moved with the MFC up the slopes and
strengthened. The kink in the moisture ux eld was not as sharp at 17 LT as at 14 LT, so
the gradient in MFC was weaker. Moisture ux vectors still ran parallel to the long axis of
the GoC and divergence remained high over the northern Gulf. South of 27N, divergence
weakened to <10 mm/day.
20 LT
By 20 LT the moisture ux eld over Mexico had almost relaxed back to the same state
as it was in at 11 LT, save a somewhat sharper kink in the ow near the shore. This kink
was along the new border between positive and negative MFC that ran from the center of
the mouth of the GoC to the center of Sonora. The maximum MFC further weakened to
10 mm/day along the coast in southern Sinaloa to 8 mm/day north of 24N. At this time
precipitation had weakened but did not move from its position on the western slopes of the
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SMO. Divergence fell to 4-6 mm/day across most of the GoC.
23 LT
By 23 LT the axis of positive MFC moved to the coast, covering the eastern two-thirds
of the GoC and most of Sonora and Sinaloa. Divergence up to 15 mm/day set up over
southwestern Chihuahua and into northwestern Durango over the northern half of the SMO.
Precipitation >2 mm/day continued on the western slopes, but was much weaker under
this divergence. Convergence continued from southern Durango through Nayarit, bolstering
precipitation rates to the south. This pattern of MFC continued through 2 LT, though the
area of divergence over the northern SMO broadened and weakened. Moisture ux was more
southeasterly across Mexico than in the prior time periods, indicating that moisture from
the east aected an area farther north along the SMO and GoC.
2-8 LT
Precipitation picked up along the shore 2-8 LT, mostly along Sinaloa. Moisture ux along
the GoC was about 30 more easterly than the long axis of the GoC. The moisture ux eld
changed little until 11 LT. MFC moved completely oshore from 25N southward and only
encroached on Sonora about 75 km at 5 LT. Nearly the entire GoC was covered in moisture
convergence up to about 6 mm/day. MFC was weak east of the SMO and reached 10-
15 mm/day over the Sonora-Chihuahua border and 8-10 mm/day over the Sinaloa-Chihuahua
border. At 8 LT both convergence over the GoC and divergence over land had weakened,
except a bullseye of up to 15 mm/day divergence over Nayarit.
AZNM 2000
23-11 LT
Over AZNM, 23-11 LT showed an area of positive MFC in southwestern Arizona that is a
possible sign of GoC surge air advected from the Gulf. Divergence covered the eastern half
of Arizona and all of New Mexico 5-8 LT. Starting at 11 LT, an area of convergence started
to form over the eastern Mogollon Rim and the southern tip of the Rockies.
14 LT
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By 14 LT the area of convergence strengthen to a maximum of about 6 mm/day and ex-
panded to cover all of the Rim. The area of convergence over the southern Rockies similarly
strengthened and expanded onto the Sangre de Cristo, and a small area of <2 mm/day
convergence started over the southern tip of the Sangre de Cristo. The MFC pattern looked
a lot like the precipitation pattern at 14 LT.
17 LT
By 17 LT the area of positive MFC further expanded to cover almost all of New Mexico
and about two thirds of Arizona. The strongest convergence focused on the highest terrain.
Moisture ux along the Arizona-New Mexico border rst came across Mexico, then turned
northward in eastern Mexico. Given the high evaporation rates at 14 LT, that probably
contributed moisture to the atmosphere that was carried into AZNM at later times and
provided a source of moisture for precipitation over the eastern Mogollon Rim. Though MFC
was more widespread, precipitation was not, indicating that MFC did not cause precipitation
on its own over AZNM. The low evaporation rates upstream of the Sangre de Cristo may
have contributed to the lack of precipitation in eastern New Mexico. If this is indeed the
case, then the moisture ux for 2004 should show higher convergence in eastern New Mexico
as a result of moisture uxes carrying the increased evaporation east of the Sangre de Cristo
into the terrain, thereby initiating rain.
20-23 LT
At 20 LT MFC began to weaken over Arizona. Over New Mexico MFC decreased along the
western border and increased along the eastern border, but almost the entire state was still
covered in convergence. The 10 mm/day Arizona maximum was about 50 km south of the
Mogollon Rim. MFC continued to be positive east of the Sangre de Cristo at 23 LT as it was
fed more directly than the rest of NewMexico by moisture o the GoM via Texas. Most of the
rest of New Mexico saw divergence. The spot of high convergence over south central Arizona
persisted and the afore-mentioned area of convergence formed in southwestern Arizona.
2-8 LT
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By 2 LT more than half of New Mexico was covered in divergence (except an area of conver-
gence in the southeast corner) and the area of convergence over Arizona expanded from the
southwest corner to cover about three quarters of the state. This was the peak of MFC over
AZNM shown in Fig. 72. At 5-8 LT only the western half of Arizona experienced convergence
and the rest of Arizona and New Mexico saw divergence.
As noted earlier, the moisture ux parallel to the long axis of the GoC 14-17 LT may be
important to drawing moisture that evaporated from the GoC, Pacic Ocean, and coastal
areas up the Gulf into Arizona. While this process may not feed precipitation over AZNM
directly, it may increase low-level moisture such that the environment is more amenable
to moist convection the next morning. This would t well with the early initiation of
precipitation over AZNM show in Fig. 72. By 11 LT convergence initiated again over the
eastern Mogollon Rim.
MEX 2004
The spatial distribution of MFC and moisture ux throughout the diurnal cycle in 2004
was very similar to 2000 (Fig. 91). MFC was maximized >30 mm/day over MEX 14-17 LT
at the same time and in the same location as precipitation. Meanwhile, strong divergence
>15 mm/day covered the GoC at 17 LT and weakened to 6-10 mm/day over the southern
half of the GoC by 17 LT. Easterly moisture ux crossed Mexico from the GoM and turned
sharply northwestward near the western edge of the strip of strong MFC. From 23 LT to
8 LT, moisture diverged from the SMO north of Nayarit at a rate up to just over 10 mm/day
and converged along the coast and eastern GoC at up to 6 mm/day. Also 23-2 LT, an area
of >10 mm/day convergence moved from southern Sonora to western Sonora. The dipole
of convergence along the coast and divergence over the SMO and western slopes started to
break down at 8 LT as >15 mm/day divergence took over northern Sinaloa. At 11 LT,
MFC up to 6 mm/day began to form on the western slopes of the SMO north of Nayarit as
precipitation formed to the east along the coastal plains, and moderate divergence engulfed
the GoC.
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AZNM 2004
Over AZNM, MFC was highest in southwestern Arizona 23-11 LT, reaching 15 mm/day at
2 LT, as a result of moist air drawn from the GoC by the GoC low-level jet. However, pre-
cipitation never occurred over this area in southwestern Arizona in either year. Convergence
up to 4 mm/day also remained in southeastern New Mexico through 2 LT. Divergence up
to 4 mm/day dominated most of Arizona and New Mexico 5-8 LT until MFC increased to
nearly 3 mm/day over the Mogollon Rim at 11 LT, along with heavier precipitation than
overnight. Moisture ux overnight was southerly o the GoC in western Arizona and south-
easterly across the rest of the region. At peak time, 14-17 LT, MFC increased to >4 mm/day
rst over the Mogollon Rim and then across all of New Mexico. At 20 LT.
Dierences, 2004-2000
However, moisture ux diered from 2000 over MEX in a couple of important ways (Fig. 92).
Moisture ux was more southerly south of the GoC 11-2 LT, which opened the opportunity
for more moisture to be drawn from the Pacic and the Mexican shoreline south of the GoC
up the Gulf into Arizona, particularly given the high evaporation rates around and south of
Nayarit and over the tropical Pacic.
Also, instead of southerly ux at the U.S.-Mexico border, the ux in 2004 was southerly
about 100-300 km south of Arizona and New Mexico and became westerly at the border in
eastern Sonora and Chihuahua. As a result of this change, the ow across AZNM was also
more westerly in 2004 than 2000. Instead of drawing moisture evaporated from the SMO into
Arizona, it was pulled more into eastern New Mexico and converged with moisture directly
o of the GoM east of the Sangre de Cristo. This was the same area where precipitation
increased by up to 4 mm/day 11-14 LT. Also because of the more westerly moisture ux,
moisture from the GoC was drawn eastward across a larger portion of AZNM in 2004 and
contributed to stronger MFC and precipitation in 2004.
One factor in both of these changes is that the easterly moisture ux across Mexico was
weaker in 2004. As it passed over the SMO and encountered the southeasterly ow up the
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GoC and upslope ow, it would more quickly turn northward and eastward than the stronger
moisture ux in 2000, resulting in the sharper kink seen in the ow over eastern Sonora and
Chihuahua and a slightly less easterly component to the moisture ux over the GoC. On a
larger scale, the anticyclone in the moisture ux along the eastern edge of the domain was
up to 300 km farther southwest in 2004 than 2000, especially 11-17 LT. This would move
the anticyclonic curvature over the NAM region a bit farther southward.
The most substantial changes in precipitation over MEX were a strip of higher rain rates
along the eastern Sinaloa border and into western Durango 14-20 LT and a matching area of
lower rain rates along the Sonora-Chihuahua border. The rain rate still reached20 mm/day
over the Sonora-Chihuahua border despite the decrease, and the increase in eastern Sinaloa
and western Durango was also part of the strip of heavy precipitation along the western slopes
of the SMO. Basically, rain decreased along the SMO north of about 26N and increased to
the south 14-20 LT. This can again be related to the shift in the moisture ux eld. Along
the northern end of the SMO moisture ux was less perpendicular to the mountain and
weaker and therefore less directly convergence with the upslope ow on the west side of the
SMO. The eect of this can be seen in Fig. 92 as a >5 mm/day reduction in MFC along
the Sonora-Chihuahua border 14-17 LT. By 20 LT convergence was higher in 2004 than
2000 and the change in precipitation became less negative and eventually turned positive by
23 LT. As for the increase in precipitation to the south, Sinaloa beneted from the increase
in southerly moisture ux o the ITCZ and southwestern Mexico. The vectors at 14-17 LT
in 2004 showed moisture ux curving back into land in Sinaloa, whereas in 2000 moisture
ux was parallel to the shore. This increased onshore moisture ux increased MFC in 2004,
as seen over Sinaloa and Durango in Fig. 92, which then increased the precipitation rate.
The 2-3 mm/day increase in precipitation in western Sonora at 11 LT was similarly a result
of the change in the moisture ux eld. In 2000 convergence was almost completely gone
from Sonora by 5 LT. In 2004 convergence over the western half of Sonora lasted through
11 LT because moisture ux o the northeastern GoC turned onshore in Sonora rather than
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owing northward into Arizona. The result was that overnight precipitation over Sonora
remained slightly stronger and more widespread in 2004.
NARR
MEX 2000
MFC was much weaker in NARR than MERRA in 2000 (Fig. 93), much like precipitation
was weaker than MERRA, TRMM, and WRF. However, the basic pattern of MFC and the
moisture ux eld were similar. Fig. 69 showed a weak maximum in MFC over MEX at
14 LT. At that time, MFC was at its strongest, positive and negative, across most of the
domain. The axis of highest MFC was about 100 km west of the SMO peaks and reached
15 mm/day. Convergence changed to divergence within 100 km of the peak MFC to the
west and dropped to <4 mm/day within the same distance to the east. MFC >6 mm/day
nearly reached the U.S. border in eastern Sonora. Similarly strong divergence covered the
entire GoC, with a 10-15 mm/day maximum along the southern Sonoran coast and at the
very northern tip of the GoC. Moisture ux was easterly across Mexico and turned south-
easterly along the western side of the area of positive MFC along the SMO. This turn was
the eastern side of a TWF, which was weaker in NARR than MERRA. Moisture ux was
strong and parallel to the long axis of the GoC over the GoC. The spatial distribution of
MFC was similar to MERRA, it bore little resemblance to the spatial distribution of precip-
itation in NARR. As we will see with further examination, this is the case throughout the
diurnal cycle over MEX in 2000.
14-17 LT
At 17 LT MFC weakened to about 10 mm/day along the SMO and divergence over the
GoC weakened to 4-6 mm/day in the northern half and <4 mm/day in the southern half.
Convergence up to 6-8 mm/day picked up within 150 km of the Nayarit and southern Sinaloa
shore. Precipitation up to 6 mm/day fell along the entire length of the SMO at 17 LT. The
rain rate increased to nearly 10 mm/day over Nayarit and southern Durango. The contour of
4 mm/day rain o the shore of Nayarit contracted to a small area about the size of Nayarit
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instead of reaching all the way to the ITCZ as it had at 14 LT. This precipitation pattern
somewhat more closely matched the pattern of MFC than at 14 LT, including the local
maxima over Nayarit and along the Sonora-Chihuahua border.
20 LT
South of the northern border of Sinaloa, MFC moved to the coast at 20 LT and the strongest
convergence was over Sinaloa. North of Sinaloa, an isolated spot of>10 mm/day convergence
remained in northeastern Sonora. The pattern of rainfall loosely corresponded to MFC in
that the axis of maximum rainfall moved to the coast in Sinaloa. However, rain north of
Sinaloa remained over the SMO in Chihuahua as MFC moved westward. Oshore of Nayarit,
rain weakened to less than 3 mm/day despite increased MFC. Moisture ux across the SMO
increased at 20 LT, which helps account for the decreased convergence west of the SMO.
23 LT
By 23 LT, most of the MFC had moved oshore of Sinaloa in the south and weakened again
to a maximum of 2 mm/day. In the north, Sonora and most of Chihuahua were still engulfed
in convergence up to 8 mm/day in most areas with a couple of spots of >10 mm/day in
northeast Sonora and along the Gulf shore of Sonora. The rest of the SMO experienced
divergence up to 4 mm/day. The northern 200 km of the GoC saw stronger divergence up
to 6-8 mm/day. Moisture ux continued to turn northward as it reached the SMO, with
the sharpest turns where MFC was positive. Moisture ux continued to ow up the GoC.
Precipitation over Sinaloa and oshore of Sonora was all <3 mm/day. There was a 300 km
by 300 km area of >3 mm/day straddling the Sonora-Chihuahua border to the south of the
MFC maximum in northeast Sonora.
2 LT
Three hours later the basic pattern of moisture ux remained. Flux was easterly across the
continent and turned northwesterly west of the SMO, and moisture ux ran parallel to the
long axis of the GoC into Arizona. The northward turn in the ux eld along the SMO was
somewhat less sharp than at 23 LT. Convergence up to 3 mm/day covered the western half
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of Sonora and divergence up to 3 mm/day covered the entire SMO, the northern tip of the
GoC, and o the shore of southern Sonora. At the same time, precipitation intensied to 3-
4 mm/day over Sinaloa and the area of 4-6 mm/day over Sonora and Chihuahua contracted
and moved about 200 km southward, despite the decrease in convergence and widespread
divergence.
5-8 LT
By 5-8 LT precipitation may have responded to the increased divergence since there was
almost none across the entire NAM region in Mexico. Divergence remained over the SMO
and the northern end of the GoC at 5 LT, while convergence up to 3 mm/day covered the
GoC from the mouth to about 27N. At 8 LT divergence up to 4 mm/day covered the GoC
again and convergence revived in western Sonora and along a thin strip in Sinaloa. The kink
in the moisture ux eld along the SMO was barely discernible 5-8 LT. However, moisture
ux over the GoC still ran nearly parallel to the long axis of the Gulf.
11-14 LT
At 11 LT the MFC increased to >10 mm/day oshore of Sinaloa and >6 mm/day across the
rest of the GoC. A 100 km wide band of up to 10 mm/day convergence formed over Sinaloa
and the Sonora-Chihuahua border, the same location it was seen at 14 LT. Precipitation
also increased to 3-4 mm/day over Durango, where there was a mix of weak convergence
and divergence, and up to 3 mm/day over Sonora.
AZNM 2000
Over AZNM the diurnal cycle was some what simpler. Because of the consistent moisture
ux up the GoC, the western half of Arizona always had convergence. Most of the time
(20-11 LT) convergence was stronger onshore at the north end of the GoC, often in excess of
10 mm/day, than over the rest of Arizona, which only reached 3 mm/day at most. During
these times moisture ux was primarily southerly over Arizona and drew moisture from the
GoC and evaporated moisture from the northern SMO into Arizona. From 2 LT to 8 LT
New Mexico was almost entirely covered in divergence up to 4 mm/day in the northeast
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corner of the state. Moisture ux into New Mexico came mostly from Arizona, especially
in the northern half of New Mexico. At 8 LT convergence spread to the eastern half of
Arizona as the moisture ux eld showed moisture coming more from the south than the
east and drawing moisture evaporated from the SMO northward. By 11 LT weak divergence
turn to convergence across about half of New Mexico as the moisture ux into Mexico also
came more from the south than the east. The most likely source of moisture traveling into
New Mexico is the GoM since there was little evaporation along the path from the GoM to
New Mexico. MFC was 1 mm/day higher over the eastern Mogollon Rim at 11 LT. From
14 LT to 17 LT most of both states was covered in convergence up to 6 mm/day except
the southwest corner of Arizona saw weak divergence. At 20-23 LT divergence returned to
about half of New Mexico and convergence returned to the southwest corner of Arizona.
Throughout the diurnal cycle, there seemed to be little relationship between MFC and the
terrain in AZNM, even though it was previously shown that precipitation was closely tied to
the terrain. This indicates that MFC may serve to make moisture available for orographic
precipitation.
2004 and dierences
Despite the seemingly similar pattern of MFC in NARR in 2004 (Fig. 94), some of the
dierences between the years were relatively large (Fig. 95). The basics of the diurnal cycle
were the same as 2000 in 2004. Over Mexico, MFC formed about 100 km west of the SMO
at 11 LT, maximized on the western slopes of the SMO around 14 LT, and began to slowly
move toward the coast until the strip of convergence was mostly over the GoC by 23 LT.
At 20 LT, divergence began to take hold over the SMO and lasted until MFC picked up
again at 11 LT. The GoC was covered in divergence 11-14 LT until the MFC from the SMO
covered the Gulf starting at the western edge at 20 LT until it covered almost the entire
Gulf (except the northern 200 km) 2-5 LT. At 8 LT divergence began to to return to the
GoC and convergence increased over western Sonora and Sinaloa.
The diurnal cycle was also similar over Arizona and New Mexico except that northern
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Arizona saw less MFC because the moisture ux vectors were weaker and more westerly
over all of AZNM. This change in the ux eld over AZNM was similar to the change seen
in MERRA that increased MFC over New Mexico and decreased MFC over Arizona at
most times. Southwestern Arizona had convergence up to 6-8 mm/day 20-11 LT and only
1-3 mm/day 14-17 LT in 2004; MFC was negative 14-17 LT in 2000. This increase in the
persistence of MFC at the north end of the GoC may be a result of weaker up-Gulf moisture
ux in 2004. Moisture ux only ran directly up the GoC until about 27N, where it turned
northward into Sonora. At 5 LT the moisture ux didn't even run parallel to the long axis of
the GoC. Northern Arizona only saw sporadic convergence that barely exceeded 1 mm/day
at any time throughout the diurnal cycle. Divergence dominated over New Mexico and
reached 3 mm/day in the northeast corner of the state 2-8 LT because a lot of the ow came
from Arizona rather than the northern SMO (where evaporation was stronger) as it did at
other times. Once the ux eld over New Mexico became more southerly at 11 LT, the ow
drew moisture evaporated from the northern SMO into New Mexico. Convergence covered
most of New Mexico through 20 LT and reached >4 mm/day in some areas in the eastern
half of the state. Convergence maxima showed more of a tendency to sit over high terrain
in 2004 than 2000. At 23 LT, convergence receded to the south and east.
The biggest dierence between 2000 and 2004 in NARR was that 2004 MFC appeared to
be more consistent with precipitation if the same relationships apply that did in MERRA and
WRF in part I. In 2000, precipitation only loosely corresponded to positive MFC, whereas
in 2004 positive MFC appeared to be quite important to precipitation over both regions
and precipitation tended to be highest where MFC was highest, particularly near complex
terrain. The apparent lack of relationship between precipitation and MFC in 2000 makes
it dicult, if not impossible, to diagnose why precipitation was dierent between the years,
especially over MEX. In addition to that, the dierence in precipitation between years in
NARR is overwhelmed by the stronger precipitation in 2004. However, the moisture ux
and MFC seem physically reasonable in comparison to MERRA, so the changes between
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seasons will be compared to MERRA in a general sense.
First looking at the moisture ux elds in gs. 92 and 95, the change was very similar.
Moisture ux across Mexico became less easterly and a little less southerly, while ux up
the GoC weakened throughout the diurnal cycle in both MERRA and NARR. Over AZNM,
moisture ux over the southern half of Arizona and New Mexico was more westerly and ux
was less southerly across all of both states. This was again related to a 300 km westward
shift in the anticyclonic circulation over Louisiana or Texas. In combination with increased
evaporation across most of the NAM region, the shift in the moisture ux eld led to an
increase in MFC over New Mexico at most times in both reanalyses. This shift could be tied
to many of the dierences between seasons in MFC and precipitation in MERRA.
Not all the interseasonal changes were similar between the reanalyses. The increase in
southerly ow from the ITCZ was less pronounced in NARR than MERRA, and the easterly
ow was also reduced south of 20N in NARR. This resulted in much smaller increases or
even decreases in MFC over southern Mexico throughout the diurnal cycle. The GoC saw
more widespread increases in MFC 8-17 LT in NARR. These were the times that the GoC
was covered primarily in divergence in 2000, so this was likely a reaction to the weaker ux
up the GoC, which drew less evaporated moisture from the GoC into Arizona.
WRF at 25 km resolution
MEX 2000
11 LT
MFC exhibited a very clear diurnal cycle over Mexico in the 25 km WRF run in 2000
(Fig. 96). MFC began in a 75 km wide strip at 11 LT immediately to the west of the
SMO peaks from southern Durango to within 100 km of the U.S.-Mexico border up to
15-20 mm/day. A thin, light strip of precipitation fell in the same location as this strip
of convergence. West of the strip of convergence, divergence of similar magnitude covered
all of Sinaloa and the eastern half of Sonora. Moisture ux over the GoC was divergent
north of Sinaloa and mostly convergence west of Sinaloa and southward along the shore
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besides a 50 km wide strip of divergence o of Nayarit. Divergence was strongest in the
northernmost 300 km and exceeded 15 mm/day, while convergence maximized o of central
Nayarit near 10-15 mm/day. Precipitation fell along the entire western shoreline of Mexico
up to the southern edge of the area of high divergence at the northern tip of the GoC and was
strongest in the same location as the high convergence oshore of Sinaloa. Precipitation was
weaker than surrounding areas under the moisture divergence near Nayarit. Moisture ux
came from the GoM eastward across Mexico, as shown in MERRA and NARR, and turned
southeasterly along the west side of the line of convergence along the SMO. This again formed
the east side of a TWF along the western shore of Mexico. In contrast with MERRA and
NARR, however, only moisture uxes north of about 28N continued to curve northward into
Arizona. Moisture uxes along the rest of the SMO crossed the Baja California and formed
the west side of the TWF, which reduced the wavelength and may have helped increase
convergence later in the day compared to MERRA and NARR.
14 LT
At 14 LT the dipole of convergence over land and divergence over the GoC was rmly
established. Divergence north of Sinaloa over the GoC exceeded 40 mm/day, far stronger
than MFC anywhere in MERRA or NARR. Even at the mouth of the Gulf divergence reached
>20 mm/day. Under the inuence of strong divergence along the entire western Mexican
coast, precipitation over the GoC and southward along the coast was greatly reduced. Strong
convergence up to 40 mm/day near the highest terrain formed from the shore to the SMO
peaks and tapered into divergence about 150 km east of the peaks. This strip of convergence
extended from south of Nayarit to within 100 km of the international border. The strongest
precipitation stopped about 300 km short of the border. and was concentrated in th area
of highest MFC. Sonora saw a mix of convergence and divergence, which was reected in
a heterogeneous precipitation pattern. The moisture ux eld was similar to 11 LT, but
the northward turn on the western edge of the strip of convergence was sharper, as was the
return to easterly moisture ux south of 28N. Both of these changes amplied the TWF.
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Moisture ux from the ITCZ became more southerly, crossing the peninsula south of Nayarit
to ow up the GoC and over the crest of the wave. Moisture ux over the northern GoC
continued to ow relatively weakly into Arizona.
17 LT
Precipitation reached its maximum intensity over the SMO at 17 LT. MFC also expanded and
strengthened, but the maximum did not move from its location along the Sinaloa-Chihuahua
border. Sonora was covered in convergence up to 20 mm/day except immediately along the
shore and MFC expanded across the international border into Arizona and New Mexico.
Divergence remained strong over the GoC and precipitation continued to weaken. From
Nayarit southward, convergence engulfed most of the land area of Mexico and extended
about 75 km oshore. Though precipitation more than 50 km oshore weakened with the
GoC precipitation, a thin band along the shore started to increase again under the inuence
of positive MFC. The MFC along the shore and oshore was related to southerly moisture
ux from the ITCZ converging with easterly moisture ux from the GoM. It is unclear
what caused this southerly ux, but one possibility is that the strong storms in southern
Mexico created or accentuated low-level convergence that then drew moisture from the ITCZ
northward. The moisture ux eld again showed only minor change from the prior time.
Chief among them was that moisture ux from 27N northward ran along the long axis of
the GoC and turned from southeasterly to southwesterly at the northern end of the GoC,
which will impact MFC and precipitation over AZNM.
20 LT
At 20 LT, divergence up to 8 mm/day formed in a 75 km wide strip to the west of the SMO
peaks in Durango and Chihuahua. The wide band of convergence weakened to maxima
of 30-40 mm/day. It also moved toward the GoC so that it was centered just oshore by
Nayarit, along the coast up to southern Sonora, and about 100 km west of the eastern
border of Sonora up to the international border. Precipitation weakened substantially to a
50 km wide strip along the eastern border of Sinaloa and fanned out to a 150 km wide strip
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along the eastern border of southern Sonora. An area of somewhat heavier rain remained in
eastern Sonora, where there was still convergence. From about 27 southward, convergence
extended about 150 km from the coast and precipitation intensied and expanded as well.
Southerly moisture ux continued to converge with easterly moisture ux along the southern
Mexican shoreline. Convergence south of Nayarit began to contract on land as storms along
the coastal lowlands weakened, but MFC strengthened to >30 mm/day and expanded to
200 km oshore. Divergence weakened to barely more than 6 mm/day from 27 northward
over the GoC. The western half of Sonora also returned to divergence of up to 15 mm/day.
Precipitation also decreased in western Sonora, but not did not fully respond to the change
in the MFC pattern until 23 LT.
23 LT
The maximum precipitation rate over Sonora was cut in half by 23 LT and the western half
was practically devoid of rainfall. The division was almost exactly along the line between
divergence and convergence at 20 LT. This is one of the clearest indicators so far that
changes in MFC may precede changes in precipitation on the diurnal scale as well as the
seasonal scale over MEX. By 23 LT, most of Sonora (besides a bullseye near the center of
the northern border) saw convergence up to 20 mm/day. South and west of Sonora, the
wide band of convergence moved almost completely oshore over the GoC and maintained
its 30-40 mm/day maximum. The kink in the moisture ux eld was less sharp and stayed
along the western side of the SMO rather than following the strip of MFC oshore. As a
result, the TWF also smoothed out a bit. Divergence was nearly gone from the northern
GoC. MFC continued to expand along the coast south of Nayarit. Precipitation had also
expanded westward from the coast from Sinaloa southward, and strengthened. At this time
the precipitation o the southern shore of Mexico was at its maximum. Over the SMO,
the thin band of weak divergence from 20 LT expanded to a 300 km wide and 700 km long
band of divergence up to >20 mm/day that was centered along the SMO and over southern
Chihuahua. This band of divergence was also situated on the lee side of a small wave in
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the ow. Besides rainfall over Sonora, only a thin band of precipitation was left along the
eastern border of Sinaloa.
2 LT
At 2 LT land-based precipitation was almost gone besides a small area in southern Sonora
where the strongest convergence was at 23 LT. All of Sonora was covered in divergence except
a 75 km wide band along the shore. This divergence reached a maximum of 20 mm/day
along the Sonora-Chihuahua border. The maximum followed the border southward to the
southern Sinaloa coast and was still situated on the lee side of a small wave in the ow.
Weaker divergence covered about half of Chihuahua and most of Durango as well. Oshore
of Sinaloa MFC >30 mm/day expanded up to 150 km oshore and convergence continued to
dominate the GoC. Precipitation oshore of Sinaloa also intensied and expanded northward
along the GoC. The maximum MFC was oshore of southern Sinaloa, where the oshore
precipitation reached a maximum at 5 LT. The kink in the moisture ux eld was nearly
gone by 2 LT, though the TWF was still present along the western edge of the GoC and
was most pronounced around 23N, just west of the highest MFC and heaviest precipitation.
South of Nayarit, the maximum moisture convergence weakened, but MFC covered a larger
area, reaching at least than 400 km oshore. Moisture ux south of Mexico returned to a
mostly easterly trajectory and precipitation weakened slightly.
5 LT
MFC and precipitation along the southern shore of Mexico continued to weaken through
5 LT and the moisture ux eld over this area changed little. Essentially all of the NAM
region in Mexico experienced divergence at 5 LT except a small area of MFC <6 mm/day in
northwestern Sonora. Divergence up to 20-30 mm/day expanded over the entire area west of
the SMO in Chihuahua, eastern Sonora, Sinaloa, and Nayarit. The only precipitation that
remain was very light and scattered over Sonora. The highest oshore MFC contracted a
little since 2 LT and became more concentrated o of southern Sinaloa. Like the last time
period, this maximum in MFC shows the approximate location of the maximum precipitation
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in the next time period (8 LT). Moisture ux over Sonora became slightly more southerly
than in the previous four time periods and entered Arizona directly rather than passing over
the northern GoC. Moisture ux from southern Sonora still passed over the GoC and into
Arizona. There was still a small kink in the moisture ux eld on the lee side of the SMO.
8 LT
By 8 LT divergence started to take over the GoC, rst in the northern 300 km and o of
southern Sonora. MFC oshore of Sinaloa was still >20 mm/day. Divergence dominated
Mexico in a similar pattern to 5 LT, though the maximum over Sonora and Chihuahua was
reduced to <20 mm/day. The kink in the moisture ux eld west of the SMO became more
accentuated than at 5 LT. This preceded the arrival of convergence and light precipitation to
the west of the SMO peaks at 11 LT. WRF never showed the strong moisture ux along the
entire length of the GoC that was seen in MERRA and NARR. It is also possible that the
low-level jet was too strong in both MERRA and NARR (this has been shown for NARR),
or that the moisture ux in WRF dier from the low-level ow.
AZNM 2000
Moisture from the northern SMO and GoC entered Arizona via southerly moisture ux
at 11 LT. Also recall that evaporation was high over the northern SMO and GoC at this
time, making moisture available for the southerly ux to draw into Arizona. MFC was
positive across most of western Arizona and along the Mogollon Rim but only reached about
8 mm/day. Most of New Mexico saw divergence up to 15 mm/day west of the Sangre de
Cristo and moisture ux from the southeast curving to the east and increasing in magnitude
in the northern half of the state. Precipitation was light over the Mogollon Rim and in south
central Arizona and nearly absent over New Mexico.
14 LT
By 14 LT MFC and precipitation were concentrated over the Mogollon Rim and Sangre de
Cristo and both were particularly intense over the highest terrain. Upslope ow probably
enhanced the tendency for moisture convergence over high terrain in the afternoon. MFC
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reached maxima of >15 mm/day over the eastern Mogollon Rim and >10 mm/day over the
southern Sangre de Cristo. This MFC was likely the result of the southerly ux at 11 LT
drawing evaporated moisture northward into the terrain, which then mechanically lifted the
air and caused precipitation. Moisture ux continued to enter Arizona from the south, but
took on a larger westerly component as well. The source of moisture for the Sangre de
Cristo was less clear. It is possible that the moisture was drawn all the way from the GoM
and didn't converge until the air had to rise over the mountains. Moisture ux was mostly
divergent south of the Rim and along both sides of the Sangre de Cristo. There was little
rain in any of those locations. This pattern indicates that at least initially, elevated terrain
was essential to focusing the MFC and producing precipitation.
17 LT
Precipitation and MFC were more widespread across Arizona and New Mexico at 17 LT
than at 14 LT. This wide swath of MFC is the same swath that was seen in precipitation 17-
20 LT. The orientation was exactly along the moisture ux from the northern SMO, where
evaporation was at a maximum at 14 LT. The strongest MFC (>10 mm/day) and rainfall
were still focused on the eastern Mogollon Rim. Southwestern Arizona and southeastern
New Mexico saw divergence up to 15 mm/day. This was the same time at which MFC
covered almost all of Arizona and New Mexico in MERRA as well. Moisture ux into each
of these areas came over the coastal mountains in California from the Pacic Ocean and
across Texas.
20 LT
Three hours later at 20 LT divergence up to 8 mm/day took over the western Mogollon
Rim, while convergence up to 15 mm/day remained over the eastern Mogollon Rim and
southward to the SMO. Precipitation weakened, especially over the western Rim where
convergence turned to divergence. The moisture ux eld over Arizona and New Mexico
was almost the same except for more southerly and southwesterly ux into New Mexico.
23 LT
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At 23 LT the swath of precipitation was barely visible. Divergence up to 8 mm/day cov-
ered most of Arizona and encroached about 100 km into western New Mexico. Convergence
up to 6 mm/day covered the rest of New Mexico and did not seem to be associated with
any precipitation heavier than 1-2 mm/day at 2 LT. A small area of anticyclonic circula-
tion developed over the center of the southern border of Arizona. This area of divergence
reached >10 mm/day and was surrounded by a 100 km wide band of convergence. The
only apparent manifestation of this in the precipitation eld was a couple of weak areas of
precipitation at 2 LT to the east and west of the circulation.
2 LT
At 2 LT almost all of both states was covered in divergence, except the southwest corner
of Arizona and the southeast corner of New Mexico (the opposite of the pattern at 17 LT).
Despite the much lower spatial coverage of convergence in Arizona in WRF compared to
MERRA, the pattern of MFC in WRF and MERRA is similar in that the center of the two
states, and the highest terrain, is covered in divergence. This degree of similarity between
WRF and MERRA in the MFC pattern was seen at all times throughout the diurnal cycle.
Moisture ux over Arizona became more southerly again from the northern SMO and GoC
and ux into New Mexico became more southeasterly again.
5 LT
By 5 LT precipitation was essentially absent over AZNM. Only the western half of Arizona
saw convergence as a result of moisture ux from the northern GoC, where evaporation was
always relatively high. MFC only reached 3-4 mm/day over most of this area. The rest of
Arizona and New Mexico had divergence up to 8 mm/day and the strongest divergence was
focused on the highest terrain. This overnight divergence was probably related to downslope
ows in combination with moisture ux that originated over an area with low evaporation.
8 LT
The MFC and moisture ux pattern changed little from 5 LT to 8 LT. Divergence was about
2 mm/day weaker at 8 LT than 5 LT across New Mexico and convergence spread across
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the rest of Arizona. The strongest convergence, up to 10 mm/day, was still concentrated
at the northern end of the GoC at 8 LT. Only very scattered and weak precipitation fell
over Arizona. Moisture ux that passed over the SMO or GoC (two sources of evaporated
moisture) entered Arizona from the south and southeast, leading to increasing MFC and
precipitation along elevated terrain by 11 LT.
2004 and dierences
Comparing the 2004 WRF run at 25 km resolution to the same run in 2000, many of the
changes were similar to those seen in MERRA and NARR (Fig. 97). As a result, the ux
eld will likely play a large role in the precipitation dierences seen in Fig. 62.
AZNM
Looking rst at the dierences between the years over AZNM, easterly moisture ux was
less easterly across Mexico and less southerly along the GoM coast (Fig. 98). These changes
would reduce the moisture ux from the GoM across Mexico toward AZNM. Over the north-
ern SMO, along the GoC, and over AZNM the ux was also less southerly, which amounted to
weaker moisture uxes. Despite all-around weaker uxes into AZNM, convergence increased
over eastern New Mexico 17-20 LT and precipitation increased by >2 mm/day 14-20 LT.
This was coupled with decreased MFC and precipitation over Arizona. In 2000, the ux
eld across the southern border of Arizona and New Mexico was southerly, whereas in 2004
it was southwesterly to westerly. As noted above, the more westerly moisture ux across
California into Arizona resulted in divergence in northwestern Arizona. This shift in the ux
eld also drew moisture from the northern GoC and SMO farther east to eastern Arizona
and New Mexico. The area where southeasterly ow turned to southwesterly ow also moved
eastward such that it enhanced MFC and precipitation over New Mexico instead of Arizona.
Also as seen in MERRA, this was partially a result of a westward shift in the anticyclonic
circulation over Louisiana or Texas.
MEX
Of note over the southern GoC is the reduction in easterly ow, which may allow more
116
onshore ow during the day and reduce oshore ow at night. As a result, moisture con-
vergence would decrease oshore and increase along the shore. The positive side of this was
most clear at 11-14 LT in Fig. 98, while the negative side was most clear at 2-5 LT (though
it was so strong and persistent that it was visible at all times except perhaps 17 LT). Both
of these agree with the changes seen in precipitation, that oshore precipitation decreased
and SMO precipitation increased (Fig. 62). Across southern Mexico moisture ux was less
southerly and a little less easterly west of about 103W and less southerly and more easterly
west of that latitude in the late afternoon and evening when the coastal precipitation picked
up. This may be responsible, at least in part, for the lower moisture convergence and lighter
overnight precipitation oshore of southern Mexico in 2004 compared to 2000. Though the
oshore precipitation was weaker in MERRA and NARR, it is possible that the mechanism
that controls it was similar to that in WRF. If that is the case, the amplied precipitation
and MFC in WRF could mean the signal of changes between seasons was more apparent
and could help diagnose the reason for similar changes seen in TRMM along the entire coast
(Fig. 53) and in MERRA over the GoC (Fig. 56). There was also a small anticyclonic circu-
lation at all times throughout the diurnal cycle in the ux changes that indicated the TWF
was somewhat weaker in 2004 compared to 2000.
WRF at 10 km and 100 km resolution Due to the degree of similarity between the dierent
WRF runs, only the 25 km run was analyzed in detail. The changes to the diurnal cycle of
MFC in the 10 km WRF run compared to the 25 km WRF run were essentially the same
types of changes as in precipitation at the seasonal and diurnal scale and precipitation at
the diurnal scale (gures not shown). The maxima and minima were stronger and became
more localized.
At 100 km resolution the changes were also of the same type as those seen in prior com-
parisons (gures not shown). The pattern of MFC was more blurred and the moisture ux
eld was smoothed such that the TWF and the northward turn in the moisture ux west of
the SMO were not as strong. Also, moisture convergence never reached the northern GoC
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as it had in the two higher resolution runs because the GoC was shortened in the model
terrain. However, moisture still entered AZNM from the southwest and the MFC and ux
pattern over the NAM region was very similar to the 25 km run.
(iii) Stability
To examine atmospheric stability, the diurnal averages of convective available potential
energy (CAPE) and convective inhibition were calculated. Though CAPE is often inversely
correlated with precipitation in the maritime tropics, Adams and Souza (2009) posited that
the correlation may change based on when a sounding was taken. Because stability is a local
control on precipitation, these analyses will focus on the two monsoon subregions, MEX and
AZNM, and the west coast of Mexico (including the GoC).
CAPE
MERRA
2000
In MERRA in 2000, CAPE did not vary much throughout the diurnal cycle (Fig. 99). Over
land in both MEX and AZNM, CAPE maximized 14-17 LT. Over AZNM CAPE barely
topped 300 J/kg in the southern 200 km of Arizona. Most of AZNM had peak CAPE less
than 200 J/kg. Over MEX, CAPE was highest (>500) along the coastal plain from central
Sonora south to Nayarit. The maximum was only around 1000 J/kg. Besides 14-17 LT,
CAPE >500 J/kg rarely reached farther than 50 km onshore in Sinaloa and Nayarit and
100 km onshore in Sonora.
Over the GoC, CAPE reached a maximum of 1600 J/kg at 2 LT o the coast of Sinaloa
and about 150 km south of Nayarit. CAPE >1000 reached all the way across the mouth of
the GoC near Sinaloa, about 400 km oshore south of Nayarit, and halfway up the coast
of Sonora. Increased CAPE over the GoC at night was likely related to the advection and
convergence of moist air northward near the surface. Precipitation followed approximately
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the same pattern as CAPE along the coast north of about 18N. CAPE was at a minimum
around 14 LT. The 1000 J/kg contour contracted by 50 km at most, so most of the decrease
was in the maximum CAPE o of Sinaloa and south of Nayarit, not in the environment as
a whole.
2004 and dierences
In 2004 the timing of maxima and minima during the diurnal cycle of CAPE in MERRA was
the same as in 2000 (Fig. 100). The pattern of dierences between the two years was about
the same throughout the cycle, as well (Fig. 101). CAPE decreased by up to 400-500 J/kg
over the mouth of the GoC, with somewhat stronger changes overnight, and up to 200 J/kg
along the GoC up to 29N. There was also a persistent decrease in precipitation over this
area, while MFC was lower in 2004 at all times except 8-11 LT.
MEX
2000
CAPE in NARR was higher than in MERRA over MEX in 2000, but the timing of the diurnal
cycle was similar (Fig. 102). In Sinaloa, CAPE was nearly 2000 J/kg during the 14 LT
maximum. CAPE decreased to about 1500 J/kg in northern Nayarit and the southernmost
75 km of Sonora and fell to <500 J/kg about 100 km inland, following the coastal plain
from Nayarit to central Sonora as it did in MERRA. During the overnight minimum, the
>500 J/kg contour contracted by less than 50 km, but CAPE >1500 J/kg was conned to
a band less than 50 km wide along the shore. The maximum CAPE over AZNM was in
northeastern New Mexico reached nearly 500 J/kg and southern Arizona topped 200 J/kg
at 14 LT, but most of the region saw CAPE less than 200 J/kg. The minimum was centered
over the eastern Mogollon Rim, the location of the highest MFC.
CAPE reached a maximum of 2700 J/kg o the shore of southern Sonora and was about
2000 J/kg o of southern Sinaloa in NARR, where the 1600 J/kg maximum was in MERRA.
The 1000 J/kg contour encompassed the entire GoC south of 29N and extended up to 300 km
oshore south of the GoC beyond Nayarit. CAPE was at a minimum over the GoC around
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17 LT in NARR, but it was still higher than in MERRA (>1500 J/kg) across the entire GoC.
CAPE along southern Mexico barely exceeded 1000 J/kg at 5-11 LT. From 14 LT to 23 LT,
a strip of CAPE up to 1400 J/kg formed along the shore, expanded from nearly nothing to
about 150 km oshore at 23 LT, and disappeared by 5 LT.
2004 and dierences
As in MERRA, the diurnal cycle of CAPE was very similar to 2000 in 2004 in NARR
(Fig. 103). Oshore CAPE peaked 2 LT over the GoC and 23 LT south of Mexico, while
CAPE over land reached a maximum at 14 LT. NARR also showed the same area of decreased
CAPE (up to 400-500 J/kg) at the mouth of the GoC and up the Gulf (<200 J/kg; Fig. 104),
though the connection to MFC was less clear. MFC decreased over at least part of Sinaloa at
all times except 8 LT, but only 17-20 LT at the mouth of the GoC. In contrast with MERRA,
NARR showed that these decreases in CAPE extended up to 150 km onshore from Nayarit
to central Sonora. The biggest changes were aligned with the largest CAPE values in both
years. Also dierent from MERRA was that CAPE decreased by more than 100 J/kg over
at least half of Arizona and New Mexico at 14 LT and 2 LT and increased near the southeast
corner of the domain by more than 800 J/kg at all times. CAPE also increased by >400 J/kg
along most of the southern shore of Mexico 17-20 LT. MFC subsequently showed an increase
from 2000 to 2004 south of Mexico in NARR.
WRF at 25 km resolution
2000
The 25 km resolution WRF run produced a pattern of CAPE values similar to NARR and
MERRA, but the maxima were oftentimes higher and the maximum over the GoC was
six hours later than in MERRA and NARR (Fig. 105). CAPE over the GoC reached a
maximum of 2500 J/kg at 8 LT o the southern shore of Sonora, the time period after the
precipitation maximum oshore of Sinaloa. The 1000 J/kg contour approximately followed
the shoreline of the GoC except an area in southern Sonora where it jutted up to 150 km
inland. This was also the minimum diurnal CAPE along the SMO. MFC over the GoC was
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fading back to divergence. CAPE over the GoC reached a minimum at 20 LT, about the
time MFC started to move oshore and precipitation over the GoC began to increase. The
heaviest precipitation at this time was o of southern Sinaloa, though moderate rain fell o
of southern Sonora as well. CAPE south of Mexico varied from about 500 J/kg at 14 LT to
just over 1000 J/kg at 2 LT.
The maximum over land was at 14 LT. CAPE reached >1800 J/kg from the western shore
of the GoC to 150-200 km inland over Mexico and from central Sinaloa and the mouth of
the GoC to about 28N at 14 LT. The highest values, near 2200 J/kg, were o the coast of
northern Sinaloa and along the border between Sinaloa and Chihuahua. CAPE >500 J/kg
extended about 100 km into southern Arizona, covered the eastern Mogollon Rim and the
Sangre de Cristo, and also encroached on the Baja California. These were the same areas
that received the heaviest rainfall in the NAM 14-17 LT. CAPE reached a minimum over
the SMO at 8 LT, as mentioned above, and at 5 LT over AZNM. Half of Arizona and New
Mexico saw CAPE less than 200 J/kg and the the other half was less than 400 J/kg. The
pattern did not seem to be related to terrain, but instead resembled the strip of precipitation
that fell over AZNM during the afternoon.
2004 and dierences
The pattern of CAPE and the timing of the diurnal cycle in the 25 km WRF run in 2004 was
similar to 2000 (Fig. 106). However, CAPE values were much higher along southern Mexico
and over the entire NAM region except Arizona (Fig. 107). In Arizona CAPE actually
decreased slightly at all times. Over New Mexico CAPE increased by up to 500 J/kg along
the eastern border, approximately doubling the amount of CAPE to about 1000 J/kg in the
northeast corner of the state. The change in CAPE from 2000 to 2004 reached zero about
100 km east of Arizona in New Mexico.
Over Mexico CAPE decreased across most of Sonora by at least 200 J/kg 8-23 LT and
to a lesser degree 2-5 LT from 2000 to 2004. A small spot of decreased CAPE >500 J/kg
hovered around the northern GoC and shore of Sonora throughout the diurnal cycle. CAPE
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over Sonora at 14 LT remained above 1000 J/kg from about 100 km south of Arizona
southward in 2004. From southern Sonora across all of Sinaloa and Nayarit, CAPE increased
by >400 J/kg (20% higher than 2000) to a maximum near 2500 J/kg at 11-17 LT and
by at least 100 J/kg at other times. CAPE decreased along the length of the SMO peaks
11-23 LT by up to 200 J/kg in 2004, which further concentrated the highest CAPE values
along the shore. At 2-8 LT changes in CAPE between years over the SMO were <100 J/kg
positive or negative and the increase over Sinaloa was also at its weakest. While changes
in precipitation over Sinaloa somewhat followed this pattern as well, precipitation over the
SMO peaks seemed to be mostly unaected since there was little CAPE over the peaks in
either year.
CAPE over the GoC was 400-600 J/kg weaker in 2004 than 2000 over the northern GoC
at all times except for a small area of increase at 11 LT. South of 27N, CAPE increased
along the eastern shore by up to 200 J/kg from 2000 to 2004 and decreased along the
western shore by a similar amount. CAPE in 2004 exceeded 1500 /kg up to 200 km from
the shore from central Sonora southward and reached 2800 J/kg o of southern Sonora at
8 LT. There was also a large decrease in precipitation from approximately 27N southward
over the GoC and MFC was weaker, but both MFC and precipitation were still much higher
in WRF than in MERRA or NARR. South of Mexico the increase in CAPE between years
was higher than anywhere in the NAM region even though precipitation and MFC both
decreased substantially. CAPE rose by at least 700 J/kg in the southeast corner of the map
domain and >500 J/kg along most of the southern shore from 2000 to 2004. This increase
changed little throughout the diurnal cycle.
WRF at 10 km resolution
The dierences in CAPE between the 10 km WRF run and the 25 km run were basically
the same as noted in other model elds when examining the 2000 and 2004 CAPE elds:
maxima increased and became more localized. At its peak, the oshore CAPE reached more
than 3000 J/kg in both years o the southern shore of Sonora. CAPE at 14-17 LT increased
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to at least 2600 J/kg in both years in the 10 km run (gures not shown).The extent of the
high CAPE values did not expand beyond their bounds in the 25 km run.
The pattern of changes was also similar between the 25 km and 10 km WRF runs except
that decreases tended to be stronger and increases tended to be weaker in the 10 km run.
For example, CAPE decreased much more from 2000 to 2004 over the southern GoC in the
10 km run than the 25 km run (Fig. 108). CAPE was lower in 2004 compared to 2000
almost everywhere over the GoC at all times throughout the diurnal cycle in the 10 km run.
The dierence between years was greatest at 17 LT o the coast of southern Sonora, where
CAPE decreased by more than 600 J/kg. CAPE mostly decreased by up to 300 J/kg over
northern Sinaloa and southern Sonora and increased up to about 200 J/kg over southern
Sinaloa in the 10 km run. These areas saw increased CAPE in the 25 km run. The dierence
between seasons in eastern New Mexico was similar in that areas that saw slightly increased
CAPE in the 25 km run saw decreased CAPE at 10 km, and large increases in CAPE along
the eastern edge of the state were smaller in the 10 km run. The changes in CAPE in the
25 km and 10 km runs did not seem to correspond to changes in precipitation.
WRF at 100 km resolution
As with the 10 km run, the dierences in CAPE between the 100 km run and the 25 km run
were similar to other elds: the eld was blurred and maxima were lower. Over the GoC
CAPE barely reached a maximum of 2000 J/kg (gure not shown). Over MEX the maximum
was only about 1600 J/kg. In 2004, CAPE barely hit 700 J/kg in the far northeastern corner
of New Mexico 14-17 LT (gure not shown; CAPE was closer to 1200 J/kg at 25 km).
Unlike the 10 km run, the changes in CAPE from 2000 to 2004 in the 100 km run also
looked like a blurred version of the changes in CAPE in the 25 km run (Fig. 109). However,
only small-scale changes, like the increase in CAPE over Sinaloa, decreased in magnitude.
Large scale changes, like the decrease in CAPE over most of the GoC, were about as strong
as in the 25 km run. Since the 2000 and 2004 CAPE values were lower in the 100 km run,
these represent larger proportional changes.
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CIN
MERRA
2000
CIN was less than 40 J/kg everywhere at all times in MERRA in 2000 except along the
eastern shore of the GoC from northern Nayarit into southern Arizona and around the
mouth of the GoC (Fig. 110). The magnitude was highest at 23 LT and lowest 11 LT. At
23 LT CIN <80 J/kg covered southern Arizona, Sonora, Sinaloa, and the GoC. The 40 J/kg
contour extended from central Arizona to about 400 km south of the mouth of the GoC and
well beyond the Baja California Sur to the west. The maximum magnitude at 23 LT was
170 J/kg at about 27N along the Sonoran shoreline. The 80 J/kg contour at 11 LT only
covered about 100-200 km onshore from central Sinaloa to northern Sonora and most of the
GoC. The 40 J/kg contour covered about three times that area and reached from central
Nayarit into southern Arizona along the GoC. The maximum CIN at 11 LT was around
120 J/kg o the southern shore of Sonora.
Also at 11 LT, divergence (and subsidence) returned to the GoC and dominated the area
until 23 LT. At that time convergence moved oshore and CIN decreased again through
11 LT. The ow pattern again seemed to drive the diurnal cycle of CIN over the GoC. At all
times the highest CIN was centered near the southern shore of Sonora, approximately the
northern extent of the GoC precipitation. As CIN decreased to the south along the GoC,
precipitation increased.
2004 and dierences
CIN was highest in the same areas and had a similar diurnal cycle in MERRA in 2004
compared to 2000 (Fig. 111). The maximum magnitude and extent of CIN decreased over
Mexico and the GoC in 2004 compared to 2000, but CIN over eastern New Mexico increased
(Fig. 112). Both changes were more pronounced overnight. CIN was >40 J/kg over the
eastern third of New Mexico 20-8 LT in 2004, whereas the 40 J/kg contour barely entered
the state in 2000. During the same times CIN decreased by up to 50 J/k over the GoC,
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southern Sonora, northern Sinaloa, and southwestern Arizona. The largest decreases were
along the coast of southern Sonora, which reached a maximum of almost 150 J/kg at 2 LT
in 2004. The maximum at 14 LT was barely 100 J/kg. Despite a decrease in CAPE,
precipitation increased in 2004 compared to 2000 over the GoC near southern Sonora at
night.
Another point of note was that the relationship between MFC and CIN seemed to be the
opposite over New Mexico compared to over the GoC. CIN was at a minimum in eastern
Mexico at 14 LT in 2004 and increased through 23 LT. MFC was positive over the same area
17-23 LT, all the times at which CIN increased. From 2 LT to 14 LT, MFC was negative
and CIN decreased.
NARR
2000
The diurnal cycle was shifted one time period later, with the minimum at 14 LT and maxi-
mum at 2 LT, and the cycle was more varied and complex in NARR than MERRA (Fig. 113).
As with CAPE, CIN was higher everywhere in NARR in 2000 compared to MERRA. CIN
was particularly high over the northern shore of the GoC, where it exceeded 200 J/kg at
all times. This was also an area of persistent divergence in the MFC eld. At 14 LT CIN
was >40 J/kg across the entire GoC from 22N to about 50 km inland at the northern end.
The 80 J/kg contour only reached south to about 26N. Only three hours later at 17 LT
the 200 J/kg contour expanded to an area about 75 km square at the north end of the GoC
under the inuence of strong divergence in the MFC eld at 14 LT across the entire GoC.
The 80 J/kg contour also expanded about 400 km southeastward to the mouth of the GoC.
CIN began to move inland.
By 20 LT, the 40 J/kg contour had moved almost all the way across Sinaloa and Sonora
up to about 29N and about 100-200 km onshore at the northern end of the GoC. CIN
>140 J/kg also reached down the Gulf to about 26N. At 23 LT CIN weakened to a maximum
of about 120 J/kg south of 30N and the >200 J/kg contour moved perhaps 30 km onshore
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at the north end of the GoC. The 40 J/kg contour advanced eastward to about 50 km
beyond the eastern borders of Sinaloa and Sonora, nearly to the SMO peaks. CIN along the
southwestern shore of Sonora had also increased to >100 J/kg by 23 LT and the 40 J/kg
contour reached about 250 km into southern Arizona. New Mexico also saw a substantial
intrusion of >40 J/kg CIN from the northeast. The changes over GoC can again be explained
by widespread divergence. Over land, however, moisture converged over the areas that saw
increases in CIN. It is possible that air owing over the SMO simultaneously converged with
ow o the GoC to create positive moisture ux convergence and subsided in the lee of the
SMO to increase CIN. However, another possibility is that the high-CIN air parcels were
simply advected onshore by the daytime sea breeze. This seems more consistent with the
diurnal variations in CIN. Over New Mexico, the changes in CIN appeared to bear little
relationship to MFC.
By 2 LT, the 40 J/kg CIN contour had receded about 30 km over Mexico as it advanced
to cover two-thirds of Arizona. CIN >200 J/kg was advected about 50 km inland from
the northern end of the GoC, which was still under divergence moisture ux. Over the
rest of the GoC, CIN continued to decline under convergence moisture ux. Also of note
is that CIN decreased more quickly along the shore of Sinaloa where MFC was highest at
20-23 LT, reaching <40 J/kg by 2 LT. After 2 LT CIN continued to decline and contract
everywhere as convergence continued through 5 LT over the GoC and nocturnal oshore
ow was established. By 8 LT CIN >40 J/kg covered only half of Arizona and New Mexico.
The area covered by >200 J/kg also got smaller over the northern shore of the GoC. By
11 LT CIN had almost returned to its minimum, but CIN >40 J/kg still covered about half
of Sonora and a quarter of Arizona.
2004 and dierences
The pattern and diurnal changes of CIN in NARR were similar to 2000 in 2004 (Fig. 114).
CIN was very high over the northern tip of the GoC at all times and no precipitation fell
over the northern 300 km of the GoC throughout the diurnal cycle in 2004. From the
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14 LT minimum, high CIN spread quickly down the GoC under the inuence of divergence
through 20 LT by advection or subsidence. During this time the GoC was almost free of
rainfall. Meanwhile, CIN moved onshore along the eastern and northern shores of the GoC
through 23 LT. This did not seem to have much eect on rainfall except perhaps inhibiting
it directly along the coast and contributing to the gap between land-based and GoC rains.
After 20 LT, convergence took over the GoC and CIN began to decrease while continuing
to advect northward into Arizona through 2 LT. Precipitation over the Gulf also increased.
Through the morning CIN decreased over the entire NAM region and precipitation over
th GoC decreased after its 2 LT maximum. Over New Mexico CIN was almost absent at
14 LT during the heaviest precipitation. Slowly CIN encroached upon New Mexico from the
northeast until the maximum at 2 LT and precipitation decreased to almost nothing 2-8 LT.
After 2 LT, CIN remained high through 8 LT and then suddenly dropped to low values by
11 LT. Precipitation also initiated over the high terrain in AZNM at 11 LT.
However, the magnitude of CIN was somewhat lower in 2004 compared to 2000 across
most of the areas that saw high CIN in 2000 (Fig. 115). One of the biggest changes was
a general decrease in CIN over almost all of Arizona and New Mexico 20-8 LT, with the
maximum decrease at 2 LT in excess of 50 J/kg north and east of the Mogollon Rim, both
of which were downstream of the Rim. There does not seem to be a relationship between
changes in MFC and changes in CIN over this area.
The northern shore saw increased CIN at all times of up to 50 J/kg (at 8 LT). The northern
200 km also saw an increase in CIN 14-23 LT that was coincident with a decrease in MFC.
The rest of the GoC saw decreased CIN up to 20-30 J/kg at all times. MFC also increased
over a large portion of the GoC at most times. CAPE also decreased over this area.
WRF
2000 at 25 km resolution
The 25 km WRF run produced the same diurnal cycle of CIN as NARR, with the minimum
at 14 LT and the maximum at 2 LT (Fig. 116). High CIN covered a larger area in WRF
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than NARR or MERRA. At the 14 LT minimum, CIN >150 J/kg covered most of the GoC
north of 26N, which was also the dividing line between precipitation to the south and no
precipitation to the north. CIN >100 J/kg reached down the eastern shore of the GoC to
northern Sinaloa. Southern Sonora was also covered by CIN >40 J/kg.
At 17 LT, CIN north of 26N strengthened and the 100 J/kg expanded south to the mouth
of the GoC under the inuence of strong divergence over the GoC at 14 LT. CIN >100 J/kg
also began to inltrate the shore and the 40 J/kg contour covered all of Sonora, where the
onshore moisture ux was strongest. By 20 LT, CIN over the southern GoC increased to
about 140 J/kg. CIN >100 J/kg also covered most of Sonora and about 150 km east and
north of the northeast corner of Sonora. Most of Arizona, New Mexico, and Sinaloa and
half of Chihuahua and Durango saw CIN over 40 J/kg. The highest CIN values remained
over the northern GoC. All of these changes are consistent with the strong divergence over
the GoC and ow into Sonora and southwestern Arizona at 17 LT.
CIN strengthened along most of the Sonoran shore to more than 200 J/kg at 23 LT. Over
most of Sinaloa, CIN also increased to about 100 J/kg. CIN also increased to >100 J/kg
along a band 100-200 km wide from northeast Sonora to north central New Mexico. CIN
over Sonora remained about the same. The 40 J/kg contour expanded to cover almost all
of Durango and Chihuahua. At 2 LT CIN was almost the same as at 23 LT except that
the thread of high CIN along the Sonoran shore widened to about 50 km in the northern
half and about 25 km in the southern half. CIN over Sonora also strengthened by perhaps
10 J/kg.
By 5 LT the band of >200 J/kg along the Sonoran shore further expanded to about 75 km
wide in the southern half and CIN across Sonora increased a little more. Over Arizona and
New Mexico, CIN decreased. The pattern of CIN at 8 LT was almost the same as at 5 LT,
but CIN across the GoC and Sonora weakened slightly. From 8 LT to 11 LT, CIN across the
entire region dropped to almost the minimum level seen in 14 LT. The only land area that
still saw CIN >100 J/kg was Sonora. Throughout the diurnal cycle, increases (decreases) in
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CIN appeared to be related to negative (positive) MFC over the GoC. CIN over land seemed
to be advected from the GoC by onshore ow into Mexico and southwesterly ow from the
northern GoC into Arizona and New Mexico.
2000 at 10 km resolution
The diurnal cycle of CIN was the same in the 10 km WRF run as the 25 km run (Fig. 117).
However, the maximum CIN over the GoC tended to be higher in the 10 km run, resulting
in a stronger cap over the high CAPE values that may otherwise have further accentuated
precipitation over the GoC. For example, at 20 LT CIN exceeded 180 J/kg over the GoC
north of 27N in the 10 km run and was closer to 150 J/kg in the 25 km run. Comparing
precipitation at 23 LT in these two runs in 2000, rain rates above 26 mm/day only reached
just south of 25N in the 10 km run and reached an extra 150 km up the GoC in the 25 km
run. The setup was similar at 5 LT, and again heavy precipitation was kept farther south
in the 10 km run than the 25 km run.
2000 at 100 km resolution
In the 100 km WRF run in 2000, minimum and maximum CIN times in the diurnal cycle
were the same as the 25 km run (Fig. 118). Over the southern GoC and AZNM, 14 LT was
the minimum. Maximum values reached most areas in the NAM region at 2 LT. Oftentimes
CIN was lower in the 100 km run than the 25 km run in 2000. For instance, at 17 LT CIN
over the central GoC exceeded 200 J/kg in the 25 km run. In the 100 km run it only reached
about 150 J/kg. CAPE was also reduced by about a quarter in the 100 km run compared to
the 25 km run. Many of these change were in the areas of highest CIN, so they ultimately
did not change precipitation in many cases since CIN was relatively high in both model runs.
The lone location in which CIN was higher in the 100 km run did seem to make a dierence
in precipitation. At 5-8 LT over southwestern Sonora, CIN was near 200 J/kg over a larger
area in the 100 km run than the 25 km run. Neither the 100 km nor the 25 km run showed
a lot of CAPE over southern Sonora, but the 100 km run still produced less precipitation
than the 25 km run because CIN was higher, meaning that CIN was high enough to inhibit
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convection more often in the 100 km than the 25 km run. As in the other model elds, CIN
probably changed in this area partly because the geography was very dierent at 100 km
and 25 km resolution. The eect of the extra isthmus of land across the GoC in the 100 km
run can also be seen as an area of subsidence at 5-8 LT in the 100 km run that was not
present in the 25 km run and probably contributed to the increase in CIN over southern
Sonora.
2004 and dierences at 25 km resolution
The diurnal cycle was the same in 2004 as 2000 in the 25 km WRF run, with the maximum
around 2 LT and the minimum around 14 LT (Fig. 119). Also like 2000, the highest CIN over
the GoC was at the northern end of the GoC except 17-20 LT, when it was located mid-Gulf.
The magnitude of CIN tended to be higher over the GoC and eastern New Mexico and lower
over the rest of the land area in the NAM region in 2004 compared to 2000 (Fig. 120). This
pattern was similar to the changes seen in CAPE, except that CAPE was lower over much
of the GoC instead of higher. Over the GoC, the largest reductions in MFC over the GoC
were collocated with the largest increases in CIN. For example, at 17 LT CIN increased by
up to 70 J/kg at the same location MFC decreased by more than 5 mm/day around 25N.
MFC decreased less and CIN increased less to the south. To the north, both MFC and
CIN showed a mix of increases and decreases between years. Rainfall also decreased a lot
between years across the GoC largely in response to the decrease in MFC, but the resultant
increase in CIN was probably part of that and a symptom of decreased upward motion from
the converging air. This would inhibit both convective and non-convective precipitation.
Over eastern New Mexico, CIN increase over the same area that CAPE increased between
years, but maximum CIN occurred at the same time as minimum CAPE in the diurnal
cycle (and vice versa). This resulted in increased CAPE when CIN was at a minimum
and heightened the potential for convective storms in the afternoon despite an increase
in the maximum CIN. Indeed, Fig. 62 showed relatively large increases in rainfall across
the area, only some of which appeared to be related to the high terrain of the Sangre de
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Cristo. Overnight convection was less likely and the precipitation rate changed by less than
1 mm/day over most of the state. The reason for the changes CIN and CAPE were less clear
over AZNM than MEX and the GoC.
Dierences, 10 km and 100 km resolution
Changes between years in CIN in the 10 km and 100 km runs were similar to those in the
25 km run, except that CIN decreased over the northern tip of the GoC overnight in the
100 km run (gure not shown). This had no discernible eect on precipitation over the
northern GoC because there was low CAPE and little rainfall in both years.
d. Discussion
In chapter 2 it was found that MFC preceded precipitation and evaporation followed
precipitation on the seasonal scale. Over the GoC, CAPE and CIN also played a role
in modulating precipitation. The large-scale ow was integral to interseasonal changes in
precipitation. Model resolution mainly served to increase rain rate maxima and localize the
heaviest rainfall. This paper expanded that seasonal study to the diurnal cycle.
1) Precipitation
The entire precipitation eld in NARR was quite dierent from MERRA, TRMM, or
WRF in 2000 and the regionally averaged diurnal cycles showed weaker precipitation at
most times. The basic pattern was visible and precipitation was tied to terrain in AZNM
and MEX, but precipitation was far too light, especially during what should have been an
evening maximum over MEX. NARR at least showed a diurnal cycle over AZNM in 2000,
but rainfall was still weaker than TRMM, MERRA, or WRF. Because NARR precipitation
does not have to balance with the other moisture budget terms, there may be no dynamic
explanation for the unrealistically low rain rates in 2000. The problem seemed to be corrected
in 2004, as precipitation was much closer to TRMM and MERRA over both regions. NARR
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relies in part on gridded gauge observations for observed precipitation. As a result, this
contrast between the years may be a result of a change in the density of the gauge network.
Because of the unrealistic nature of the precipitation in NARR in 2000, NARR was not
included in discussion of interseasonal changes in precipitation.
Neither WRF nor MERRA replicated the regionally averaged changes over either region
that occurred in the diurnal cycle in TRMM. WRF and MERRA both showed an increase
in rainfall near the SMO, but the location diered. In WRF it was along the western slopes
and coastal plains and in MERRA along the peaks. TRMM showed some increases around
the SMO, but the changes were not organized around topographical features. The timing
of the diurnal cycle was closer to TRMM in WRF than MERRA, though rain initiated one
time period sooner in WRF and the rain rate fell more quickly after the peak compared
to TRMM. This may be related to the lack of propagation seen in WRF, which was also
apparent in chapter 2 as a narrow band of reduced precipitation along the shore. Because
of the way the MEX box is dened, precipitation could die down in MEX as it res up
oshore and the regionally averaged diurnal cycle would not capture that. Since TRMM
precipitation moves toward the coast and oshore gradually, the precipitation rate in MEX
also decreases more gradually after the peak in the diurnal cycle as precipitation intensity
decreases and precipitation propagates outside the MEX region.
Averaged over AZNM, WRF showed the opposite timing of changes from TRMM, with
decreased rainfall around the evening maximum instead of increased rainfall, because of
much greater decreases in precipitation over Arizona. This was coupled with much greater
increases over New Mexico that were outside the AZNM region.
There were few substantial dierences in AZNM precipitation in WRF, MERRA, and
TRMM. Precipitation over AZNM in the WRF runs was mostly consistent with TRMM in
timing and location, except rain rates were higher in WRF (especially in 2000) and pre-
cipitation increased earlier in WRF than TRMM. However, WRF, MERRA, and TRMM
aligned the heaviest precipitation with the highest terrain, regardless of resolution, and both
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produced peak rainfall at 17 LT. WRF, MERRA, and TRMM all aligned the heaviest pre-
cipitation with the highest terrain during the afternoon and evening, regardless of resolution.
The precipitation rates in MERRA were closer to TRMM than WRF both geographically
and in the regionally averaged time series, probably in part because MERRA assimilates
some of the rainfall rate data used to produce the TRMM 3B42 product used in this study.
Rainfall started earlier in MERRA and, because of MERRA's somewhat lower resolution,
was much more widespread than in TRMM or WRF.
The diurnal precipitation peak in MERRA and NARR was 3-6 hours earlier than TRMM,
and WRF, NARR, and MERRA all initiated precipitation at least 3 hours earlier than
TRMM. An out-of-phase diurnal cycle is a common modeling problem over this region (e.g.,
Janowiak et al. 2007). Lee et al. (2007) found that large errors in the phase and magnitude
of the diurnal cycle, such as those seen in MERRA in this study, stem from precipitation
being too closely coupled to diurnal heating as in several atmospheric GCMs with resolution
from 2.5 to 0.5.
TRMM reected the diurnal cycle dened in Nesbitt et al. (2008), with light to moderate
precipitation established along the length the SMO peaks by 14 LT, a maximum at 17 LT
slightly west of the SMO peaks, and continuing, lighter precipitation over the coastal plains
in the late evening and over the GoC overnight. WRF and MERRA also produced a dened
diurnal cycle of precipitation over AZNM and MEX in both years, as did NARR except over
MEX in 2000. The timing of the diurnal cycle in WRF was similar to TRMM in both years
except no propagation was apparent in WRF. The diurnal cycle in MERRA was somewhat
dierent in that the precipitation started six hour earlier than in TRMM over AZNM and
three hours earlier over MEX, and rain started west of the peaks and seemed to move up the
slope toward the peaks before the diurnal precipitation maximum 14-17 LT. Ciesielski and
Johnson (2008) found that many details of the land-sea breeze were poorly represented in
a special NARR that was produced for the North American Monsoon Experiment (NAME)
eld project. The reanalysis also showed a dry bias that limited cloudiness in the mountains,
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resulting in stronger nighttime radiatiative cooling than observed and stronger downslope
ow. It would be an interesting area for further study to see if this is also true in MERRA
and WRF.
Precipitation started about 100 km farther west over Mexico in MERRA at 11 LT and
moved east to the SMO peaks by 17 LT as it strengthened. This seems to indicate an early
precipitation trigger and upslope propagation in MERRA. After 17 LT, rainfall showed no
sign of moving back down the slopes as it had in TRMM, but the coastal precipitation formed
nonetheless. WRF started a thin band of rain over the SMO peaks three hours earlier than
TRMM and produced the precipitation maximum west of the peaks along the Sinaloa border
at the same time as TRMM. The precipitation rates were higher in WRF than TRMM at
the 17 LT maximum. WRF showed some signs of precipitation approaching the coast south
of 25N throughout the diurnal cycle, but left a 50 km gap of low precipitation along the
shore, much as MERRA had. This gap was not present in TRMM. This may imply some
process by which the region was exhausted of convective energy after the evening peak, but
picked up again at night.
As noted in chapter 2, WRF enhanced the oshore precipitation compared to TRMM
along the southern and western Mexican shoreline up to central Sonora. This enhancement
was much greater in 2000 than 2004 and increased with model resolution. The maximum
was around 23 LT along the southern edge and 5 LT to the north. Based on prior studies,
this oshore nocturnal precipitation does occur, but it was unrealistically heavy in WRF
in 2000 (Lang et al. 2007; Nesbitt et al. 2008). It approached realistic values in 2004. A
contributing factor to the large dierence between TRMM and WRF over these areas on the
seasonal scale in chapter 2 is that there was essentially no precipitation immediately oshore
8-14 LT in TRMM, whereas WRF maintained precipitation along the coast at all times. As
a result, the dierence in the peak precipitation was less than the seasonal average implied.
The main eects of higher (lower) model resolution in WRF was to increase (decrease)
the maximum precipitation rates and somewhat increase (decrease) the area covered by
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heavier rain rates. As resolution increased, the highest rain rates also became more localized
to the highest terrain, further emphasizing the role of model topography in simulating the
spatial distribution of NAM precipitation. There was no apparent relationship between
interseasonal changes in the diurnal cycle and model resolution.
2) Moisture budget
The diurnal cycle of MFC was very dierent over AZNM and MEX despite similar diurnal
cycles in precipitation. Chapter 2 showed that MFC plays a strong role in modulating
precipitation on the seasonal scale in both regions, but this relationship does not seem
to hold up on the diurnal scale over AZNM. The diurnal cycle of MFC over AZNM in
MERRA only matched the description in Douglas and Li (1996) of nocturnal convergence
and afternoon divergence observed in a 1993 eld campaign. If this is indeed the case, then
MFC is unlikely to play a role in modulating precipitation over AZNM on the diurnal scale
in these two areas and it may be less important in realistically simulating the diurnal cycle
of precipitation in WRF in AZNM.
In MEX, MFC exactly coincided with the timing of precipitation in WRF and MERRA
and increased as peak precipitation and model resolution increased in WRF. This corrobo-
rates the current conceptual understanding of precipitation over MEX: Upslope ow on the
western side of the SMO converges with the prevailing easterlies near the peaks and initi-
ates precipitation that peaks in the late afternoon. That precipitation then moves westward
down the slopes, sometimes following the convergence line from the land-breeze front to over
the GoC (e.g., Lang et al. 2007; Nesbitt et al. 2008).
It is also clear that precipitation and peak evaporation tend to increase together over
both regions with a time lag such that the peak evaporation occurred before the peak
precipitation, suggesting a positive feedback loop via precipitation recycling. Dominguez
et al. (2008) stated that evapotranspiration is more likely to contribute to precipitation
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when MFC is low. As a result, precipitation recycling may play more of a role over AZNM
than MEX since the precipitation and MFC are more variable and episodic in AZNM. In
contrast, MEX receives a regular inux of moisture due to the onshore and upslope ow that
carries moisture evaporated from the GoC into the SMO.
The average diurnal cycle of evaporation appeared to be unrelated to precipitation and was
in sync with insolation (which tends to increase surface winds and decrease relative humidity,
two other major factors in evaporation). However, chapter 2 showed that evaporation tended
to increase after a precipitation event, particularly over AZNM. The eects of other factors,
like cloudiness and relative humidity, that may impact the daily variability of evaporation
and connect the timing of the two quantities on shorter time scales were hidden by the
averaging.
As noted earlier, NARR MFC and moisture uxes in 2000 seemed to be qualitatively
similar to MERRA and WRF on both the seasonal and diurnal scales despite very low
precipitation. The moisture ux and MFC elds were similar to MERRA, if somewhat
weaker in the MFC eld, at every time during the diurnal cycle. This held true for both
years and the dierence between the years in moisture ux.
Results from chapter 2 indicated that MFC preceded precipitation on the seasonal scale.
There were also signs that MFC preceded precipitation on the diurnal scale. This was seen
repeatedly in MERRA and WRF, particularly over MEX. The moisture ux occurred over
an area of high evaporation at time one, then the ux converged downstream at time two,
and precipitation formed by time three. In MEX, the process was largely based on the
diurnal cycle. Moisture evaporated o of the GoC, Pacic Ocean, and GoM. Upslope ow
carried the moisture from the GoC and Pacic up the western slopes of the SMO, while the
mid-level easterlies carried moisture from the GoM. The two ows converged over the peaks
and western slopes of the SMO. Precipitation over MEX was concentrated over the highest
terrain. Increased MFC was largely an eect of the thermodynamic gradients created by
the shore and the mountains. The MFC pattern would be quite dierent without one or the
136
other.
In AZNM, though, the relationship was more dependent on factors outside the region, like
evaporation, and the large-scale ow. Diurnal slope ows helped converge moisture over the
high terrain in AZNM, but other processes had to get the moisture into the region rst. In
this way, MFC is important to precipitation over AZNM, but the varied terrain is essential.
On the diurnal scale it is possible that there is a positive feedback wherein large-scale
MFC initiates precipitation, which then increases MFC locally. It is also possible, however,
that MFC on the seasonal scale represents an increase in moisture over the region that then
gets caught up in the diurnal coastal and slope ows in the NAM region, thereby increasing
MFC on the diurnal cycle, but only periodically.
NARR, MERRA, and WRF all showed remarkably similar changes between seasons in
the moisture ux across the NAM region, which resulted in similar changes in precipitation
in MERRA and WRF. These changes involved the center of anticyclonic circulation in the
moisture ux shifting westward by up to 300 km and weaker ux across Mexico that allowed
a change in the direction of the ow across a smaller distance in 2004 compared to 2000.
Increased precipitation may also reinforce the higher MFC by creating surface convergence
under convective storms, creating a positive feedback loop.
Perhaps the biggest discrepancy between WRF and the reanalyses was that both MERRA
and NARR showed strong ow up the entire length of the GoC. In WRF the ow turned
westward in the southern half of the GoC and formed a stronger wave crest than in MERRA
or NARR along the western edge of the GoC. It is thus far unknown why this is the case.
The biggest impact of this dierence would relate to the source of moisture. In MERRA
and NARR, the source of moisture was mainly the GoC and Pacic Ocean. In WRF,
northwestern Mexico also became a moisture source. Observed precipitation changes from
TRMM were somewhere between MERRA and WRF and all of them were similar in that
the change in precipitation over New Mexico was greater than the change over Arizona. This
indicates that both WRF and MERRA may be able to contribute to our understanding of
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the monsoon system.
The most plausible body of water to provide moisture to AZNM is the GoC. If moisture
ux does not come from the GoC to the southwest, it is possible that moisture evaporated
from the GoM could make the trip across Mexico or Texas to AZNM, but it would have to
traverse at least 1000 km over land before it would encounter the eastern side of the Sangre
de Cristo. Evaporation provides a much closer source moisture for AZNM. Evidence of its
importance was seen repeatedly in the dierence between the years, as increased evaporation
over the southern Great Plains and northern Mexico was connected to increased MFC in New
Mexico. Local evaporation may also result in a positive feedback loop, wherein a greater
inux of moisture initiates precipitation, which moistens the ground and allows for more
evaporation to feed subsequent precipitation, as discussed in Dominguez et al. (2008).
3) Stability
The maximum rain rates were tied closely to the highest terrain through the afternoon
and evening in all cases. This indicates that orographic lift plays a role in the location and
magnitude of precipitation in both regions. However, not all of the precipitation was directly
orographically induced, particularly over AZNM and the GoC, so terrain was not the only
precipitation trigger. Stability played a role as well.
The interplay between CAPE and CIN was most relevant over the northern GoC where
CIN was highest. High CIN inhibited low-level rising air parcels from tapping into the high
amount of potential energy higher in the atmosphere (high CAPE), discouraging the heavy
precipitation that was seen farther to the south along southern Sonora. In prior sections,
it was shown that the pattern of precipitation corresponded well to the pattern of MFC.
CIN was part of this relationship over the Mexican shore and the GoC. In an environment
of divergence (convergence), air subsided (rose) and CIN increased (decreased). Over New
Mexico, the relationship was less clear in WRF and NARR. One possibility is that large-scale
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descent under the anticyclone discussed in chapter 2 produces CIN over AZNM and daytime
surface heating temporarily erodes it from the bottom, occasionally breaking through to
take advantage of the limited CAPE over AZNM. Increased nighttime CAPE over the GoC
was likely related to moisture advection and convergence at low levels along the GoC.
e. Conclusions
The WRF model was run at 100 km, 25 km, and 10 km resolution for the 2000 and 2004
monsoon seasons (July-September), a dry year and a wet year (Dominguez et al. 2008). These
years were chosen to represent contrasting precipitation outcomes to assure that results
were robust across dierent monsoon conditions. Model precipitation was compared to
MERRA, NARR, and TRMM. Then WRF, MERRA, and NARR were used to investigate
the relationships between precipitation and the other moisture budget variables, the large-
scale ow, and atmospheric stability on the diurnal scale. Three-hourly data was used to
create seasonal average maps of the diurnal cycle and diurnal cycle time series for the MEX
and AZNM subregions.
The following points summarize the results:
 Precipitation over land was highest in the afternoon and lowest in the early morning,
consistent with prior studies (e.g., Becker and Berbery 2008; Nesbitt et al. 2008; Lang
et al. 2007). WRF and the reanalyses seemed to initiate precipitation too early com-
pared to TRMM observations. Over AZNM, the timing of the diurnal cycle shown
in TRMM was more dicult for the reanalyses to reproduce. Over the GoC rainfall
was heaviest overnight. WRF was unable to simulate the continuous propagation of
precipitation from the SMO to the GoC that was seen in TRMM and NARR and
somewhat in MERRA.
 On the diurnal scale, increasing MFC preceded precipitation over MEX. (The relation-
ship was less clear over AZNM.) The westward shift and weakening of the moisture
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ux eld over the NAM region appeared to be responsible, at least in part, for the
dierences in precipitation between 2000 and 2004. Evaporation was highest where
precipitation was highest. High evaporation rates also tended to be upstream of ar-
eas of moisture convergence, hinting that evaporation also inuence the precipitation
pattern and intensity and create a positive feedback loop with precipitation.
 WRF produced very heavy rain o the west coast of Mexico overnight. CAPE ap-
peared to play a role in the heaviest area o the coast of Sinaloa. CIN inhibited
convection over the area due to subsidence across the GoC. Overnight, CIN decreased
and convection developed, taking advantage of high level of CAPE in WRF. Though
the precipitation over the GoC was far too high in WRF, the diurnal cycle and lo-
cation of the precipitation over land and ocean were approximately correct. Rather
than being dismissed as inaccurate, WRF may show an amplied version of the actual
processes behind the observed precipitation over the GoC.
The timing of the diurnal cycle over MEX was consistent with prior studies in WRF,
MERRA, NARR, and TRMM (Lang et al. 2007; Nesbitt et al. 2008). WRF was unable
to simulate the propagation of storms westward to the GoC that was seen in TRMM and
made nocturnal precipitation over the GoC far too strong in a seasonal average. In part
I of this study, WRF also had trouble simulating event variability. Although the model
did reasonably well replicating the diurnal cycle and the seasonal average precipitation and
moisture budget, it may have trouble with long-term forecasts over the NAM region. The
veracity and reasons for this are topics for future study.
1) Future directions
Exploring the origin of CIN over AZNM would be an area for future study. It would also
be interesting to look at the diurnal cycle of MFC, CAPE, and CIN under varying synoptic
conditions with higher temporal resolution, possibly using case studies, to further elucidate
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how the relationship between the three changes. Higher temporal resolution (and possibly
spatial resolution) would also facilitate looking at the interactions between local, regional,
and synoptic dynamics since all three scales seem to play signicant roles in precipitation
over the NAM region (Adams and Comrie 1997; Adams and Souza 2009).
Because of the dependence on precipitation events, case studies of events would likely
clarify even further the eects of the moisture budget and atmospheric stability on precipi-
tation. Seasonal averages have the advantage of being able to look at a bulk representation
of the data, but lack the detail to show exact processes. Along with case studies, higher
temporal resolution analyses would also be useful to compare with model output. They
could be acquired from the Rapid Update Cycle (RUC) model analyses before May 2012 or
the Rapid Refresh model analyses (RAP) after May 1, 2012. Particularly at higher temporal
resolution, cross sections of wind, moisture, and temperature across the SMO and up the
GoC, in addition to map plots of the same quantities, would help address the roles coastal
processes and slope ows that are very active on the diurnal scale.
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4. Conclusions
The WRF model was run at 100 km, 25 km, and 10 km resolution for the 2000 and 2004
monsoon seasons (July-September), a dry year and a wet year (Dominguez et al. 2008). These
years were chosen to represent contrasting precipitation outcomes to assure that results
were robust across dierent monsoon conditions. Model precipitation was compared to
MERRA, NARR, and TRMM. Then WRF, MERRA, and NARR were used to investigate
the relationships between precipitation and the other moisture budget variables, the large-
scale ow, and atmospheric stability on the seasonal and diurnal scales. Three-hourly data
was used to create seasonal and diurnal average maps and seasonal and diurnal cycle time
series for the MEX and AZNM subregions.
The following points summarize the ndings of this study:
 Higher MFC in WRF than MERRA or NARR over the GoC, as well as increased
CAPE, led to the excessive precipitation oshore overnight only in WRF. CIN was
higher during the day because of divergence (and subsidence) over the GoC that were
probably related to diurnal coastal and slope ows. This precipitation began around
20 LT in the south and seemed to propagate northward along the coast overnight.
It dissipated by the time convection revved up over the SMO. Although this oshore
precipitation was much stronger than the reanalyses or TRMM, WRF may have simply
amplied the conditions under which precipitation occurred over the GoC. In that case,
it could be a useful diagnostic tool since the processes causing the precipitation may
stand out more too.
 MFC preceded precipitation over MEX on both the diurnal and seasonal time scales
and on the seasonal time scale over AZNM. Three hourly data is too infrequent for an
accurate phase comparision of the diurnal cycle (Berbery 2001), but at this resolution
WRF consistently identied the timing of the peak precipitation over MEX and AZNM.
Diurnal peaks in MERRA and NARR were also in the neighborhood over MEX, but
142
they were 3-6 hours early over AZNM. More frequent data may also reveal why MERRA
and WRF triggered precipitation earlier than TRMM observed it (no NARR data
is available at higher frequency). One possibility in WRF is that the Kain-Fritsch
convective parameterization reacted too quickly to increased MFC (Gochis et al. 2003).
The relationship between MFC and rainfall was less clear on a diurnal scale over
AZNM, though rain still followed MFC on the seasonal scale, indicating that MFC
played some role on a larger scale. Rainfall in AZNM likely relied more on transients
like mid-latitude waves and gulf surges, as prior studies hypothesized (e.g., Higgins
et al. 2004; Svoma 2010), than a daily inux of moisture.
Moisture is often the limiting factor in convection over land in the NAM area (Adams
and Comrie 1997). When precipitable water is plentiful, precipitation is likely to be
also, particularly in the presence of increased MFC. These two factors, in addition to
higher evaporation, contributed to the much higher peak in diurnal rainfall and higher
seasonal totals in 2004 compared to 2000.
 It was found that the seasonal distribution of precipitation was similar between WRF,
MERRA, TRMM and NARR, but the magnitude of the seasonal average precipitation
and the frequency of light and heavy rain varied. These variations in the frequency of
heavy and light rain between WRF, MERRA, NARR, and TRMM, and even between
the three WRF runs, could substantially impact decision making for people as diverse
as public health ocials, urban water managers, ranchers, and re managers (Ray
et al. 2007).
The largest dierences in rain rate frequency between the two years was in light rainfall.
TRMM measured much greater dierences in the distribution of precipitation magni-
tudes over Mexico than over AZNM, and most of the dierences were at the light end.
WRF increased light precipitation over AZNM, especially at lower resolutions.
Contributions to the total seasonal rainfall varied quite a bit over AZNM, even across
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WRF runs. Most notably, the 10 km run substantially increased precipitation across
all magnitudes up to at least 30 mm/day. The changes in WRF were more consistent
in showing little (100 km) to moderately negative changes (25 km and 10 km) from
2000 to 2004 across all precipitation magnitudes. NARR and MERRA decreased the
contribution of light to moderate rain rates over AZNM and increased it over Mexico.
In particular, NARR showed a large increase over Mexico and MERRA a large decrease
over AZNM.
This suggests that the data used to classify monsoon seasons in Dominguez et al. (2008)
is inuenced more strongly by precipitation over Mexico because the precipitation
amounts are usually higher there in a wet season or a dry season. It also points out
that the monsoon region may not act as a single entity and process studies should not
view it as such.
 Though observations showed that precipitation propagates from the SMO peaks in
the afternoon to the coastal plains and GoC overnight, WRF showed no sign of this
propagation. Rather, WRF depicted precipitation that explanded toward the shore,
slightly faster at the southern end of the SMO than at the northern end, and then
reformed over the GoC overnight. The southern end of the line somewhat fed into the
very strong overnight rainfall oshore, but a band of very light precipitation directly
along the shore was evident at both the seasonal and diurnal scales.
However, Lang et al. (2007) found that a minority of storms propagated away from the
SMO; rather, most of them go through their whole life cycle over the SMO. None of
the ndings in this study agreed with Gochis et al. (2004) that maximum precipitation
bends away from higher terrain to the north.
 Higher model resolution tended to increase precipitation over both monsoon sub-
regions at all precipitation intensities and particularly during the afternoon peak. Over
both subregions, WRF produced the same basic shape of diurnal cycle in both years,
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with a 17 LT peak and early morning valley, regardless of resolution. The eect on
MFC over MEX was similar.The model initial conditions (i.e., the dierence between
the seasons) and the model's internal dynamics aected model results more than a
change in resolution. Increasing model resolution was far from panacea. WRF greatly
exaggerated precipitation and MFC extremes and also accentuated the TWF com-
pared to MERRA, NARR, and TRMM (precipitation only). Once the GoC and Baja
California were properly resolved, the dierence between WRF and reanalyses and
observations increased with increasing resolution.
Model resolution had a less predictable eect on the diurnal cycle of moisture ux
convergence than the other components of the moisture budget over AZNM, especially
in 2004. The phase of the diurnal cycle of precipitation was unaected, adding to the
evidence that something in addition to MFC drove rainfall over AZNM. This nding
rearms that the weather and climate over AZNM is complex and dicult to simulate
(Berbery 2001).
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Table 1. WRF model resolution, domain size, and time step for each run.
Model Domain size Time step
run100 4040 300s
run25 160160 75s
run10 400400 25s
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Fig. 1. Terrain height from the WRF model at resolution of 100 km (upper left), 25 km
(upper right), and 10 km (lower right). Labels are as follows: state names on the 100 km
terrain, physical geography features on the 25 km terrain, and regions used to calculate
regional statistics in this study on the 10 km terrain.
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Fig. 2. Seasonal average rainfall rate (mm/day) for July-September of 2000 for the WRF
model at 100 km, 25 km, and 10 km resolution (top row) and MERRA, NARR, and TRMM
(bottom row).
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Fig. 3. Seasonal average rainfall rate (mm/day) for July-September of 2004 for the WRF
model at 100 km, 25 km, and 10 km resolution (top row) and MERRA, NARR, and TRMM
(bottom row).
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Fig. 4. Dierence in seasonal average rainfall rate (mm/day) for July-September, 2004
minus 2000, for the WRF model at 100 km, 25 km, and 10 km resolution (top row) and
MERRA, NARR, and TRMM (bottom row).
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Fig. 5. Seasonal time series of rainfall rate (mm/day) over MEX for July-September of 2000
for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km (grey), and MERRA
(teal), NARR (orange), and TRMM (black). WRF runs are dotted lines; MERRA, NARR
and TRMM are solid lines. A 40-point (5-day) running average was applied to smooth out
diurnal variations.
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Fig. 6. Seasonal time series of rainfall rate (mm/day) over MEX for July-September of 2004
for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km (grey), and MERRA
(teal), NARR (orange), and TRMM (black). WRF runs are dotted lines; MERRA, NARR
and TRMM are solid lines. A 40-point (5-day) running average was applied to smooth out
diurnal variations.
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Fig. 7. Seasonal time series of rainfall rate (mm/day) over AZNM for July-September
of 2000 for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km (grey), and
MERRA (teal), NARR (orange), and TRMM (black). WRF runs are dotted lines; MERRA,
NARR and TRMM are solid lines. A 40-point (5-day) running average was applied to smooth
out diurnal variations.
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Fig. 8. Seasonal time series of rainfall rate (mm/day) over AZNM for July-September
of 2004 for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km (grey), and
MERRA (teal), NARR (orange), and TRMM (black). WRF runs are dotted lines; MERRA,
NARR and TRMM are solid lines. A 40-point (5-day) running average was applied to smooth
out diurnal variations.
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Fig. 9. Seasonal rainfall rate cumulative distribution (%) for July-September 2000 over MEX
for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km (grey), and MERRA
(teal), NARR (orange), and TRMM (black). WRF runs are dotted lines; MERRA, NARR
and TRMM are solid lines. Values are calculated by truncating the regional average rainfall
rate. For instance, anything less than 1 mm/day was counted as 0 mm/day.
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Fig. 10. Contribution to seasonal total rain by each rainfall rate (%) for July-September
2000 over MEX for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km
(grey), and MERRA (teal), NARR (orange), and TRMM (black). WRF runs are dotted
lines; MERRA, NARR and TRMM are solid lines.
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Fig. 11. Seasonal rainfall rate cumulative distribution (%) for July-September 2004 over
MEX for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km (grey), and
MERRA (teal), NARR (orange), and TRMM (black). WRF runs are dotted lines; MERRA,
NARR and TRMM are solid lines. Values are calculated by truncating the regional average
rainfall rate. For instance, anything less than 1 mm/day was counted as 0 mm/day.
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Fig. 12. Dierence in seasonal rainfall rate cumulative distribution (percentage points)
for July-September over MEX, 2004 minus 2000 for WRF runs at resolution of 100 km
(green), 25 km (purple), 10 km (grey), and MERRA (teal), NARR (orange), and TRMM
(black). WRF runs are dotted lines; MERRA, NARR and TRMM are solid lines. Values
are calculated by truncating the regional average rainfall rate. For instance, anything less
than 1 mm/day was counted as 0 mm/day.
169
Fig. 13. Contribution to seasonal total rain by each rainfall rate (%) for July-September
2004 over MEX for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km
(grey), and MERRA (teal), NARR (orange), and TRMM (black). WRF runs are dotted
lines; MERRA, NARR and TRMM are solid lines.
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Fig. 14. Dierence in contribution to seasonal total rain by each rainfall rate (percentage
points) for July-September over MEX, 2004 minus 2000 for WRF runs at resolution of 100 km
(green), 25 km (purple), 10 km (grey), and MERRA (teal), NARR (orange), and TRMM
(black). WRF runs are dotted lines; MERRA, NARR and TRMM are solid lines.
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Fig. 15. Seasonal rainfall rate cumulative distribution (%) for July-September 2000 over
AZNM for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km (grey), and
MERRA (teal), NARR (orange), and TRMM (black). WRF runs are dotted lines; MERRA,
NARR and TRMM are solid lines. Values are calculated by truncating the regional average
rainfall rate. For instance, anything less than 1 mm/day was counted as 0 mm/day.
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Fig. 16. Contribution to seasonal total rain by each rainfall rate (%) for July-September
2000 over AZNM for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km
(grey), and MERRA (teal), NARR (orange), and TRMM (black). WRF runs are dotted
lines; MERRA, NARR and TRMM are solid lines.
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Fig. 17. Seasonal rainfall rate cumulative distribution (%) for July-September 2004 over
AZNM for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km (grey), and
MERRA (teal), NARR (orange), and TRMM (black). WRF runs are dotted lines; MERRA,
NARR and TRMM are solid lines. Values are calculated by truncating the regional average
rainfall rate. For instance, anything less than 1 mm/day was counted as 0 mm/day.
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Fig. 18. Dierence in seasonal rainfall rate cumulative distribution (percentage points)
for July-September over AZNM, 2004 minus 2000 for WRF runs at resolution of 100 km
(green), 25 km (purple), 10 km (grey), and MERRA (teal), NARR (orange), and TRMM
(black). WRF runs are dotted lines; MERRA, NARR and TRMM are solid lines. Values
are calculated by truncating the regional average rainfall rate. For instance, anything less
than 1 mm/day was counted as 0 mm/day.
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Fig. 19. Contribution to seasonal total rain by each rainfall rate (%) for July-September
2004 over AZNM for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km
(grey), and MERRA (teal), NARR (orange), and TRMM (black). WRF runs are dotted
lines; MERRA, NARR and TRMM are solid lines.
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Fig. 20. Dierence in contribution to seasonal total rain by each rainfall rate (percentage
points) for July-September over AZNM, 2004 minus 2000 for WRF runs at resolution of
100 km (green), 25 km (purple), 10 km (grey), and MERRA (teal), NARR (orange), and
TRMM (black). WRF runs are dotted lines; MERRA, NARR and TRMM are solid lines.
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Fig. 21. Seasonal average precipitable water (mm) for July-September of 2000 for the WRF
model at 100 km, 25 km, and 10 km resolution (top row) and MERRA and NARR (bottom
row).
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Fig. 22. Seasonal average precipitable water (mm) for July-September of 2004 for the WRF
model at 100 km, 25 km, and 10 km resolution (top row) and MERRA and NARR (bottom
row).
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Fig. 23. Dierence in seasonal average precipitable water (mm) for July-September, 2004
minus 2000 for the WRF model at 100 km, 25 km, and 10 km resolution (top row) and
MERRA and NARR (bottom row).
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Fig. 24. Seasonal average evaporation rate (mm/day) for July-September for 2000 for the
WRF model at 100 km, 25 km, and 10 km resolution (top row) and MERRA and NARR
(bottom row).
181
Fig. 25. Seasonal average evaporation rate (mm/day) for July-September for 2004 for the
WRF model at 100 km, 25 km, and 10 km resolution (top row) and MERRA and NARR
(bottom row).
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Fig. 26. Dierence in seasonal average evaporation rate (mm/day) for July-September,
2004 minus 2000 for the WRF model at 100 km, 25 km, and 10 km resolution (top row) and
MERRA and NARR (bottom row).
183
Fig. 27. Seasonal average moisture ux convergence (colors; mm/day) and moisture ux
(vectors; kg/m/s) for July-September of 2000 for the WRF model at 100 km, 25 km, and
10 km resolution (top row) and MERRA and NARR (bottom row).
184
Fig. 28. Seasonal average moisture ux convergence (colors; mm/day) and moisture ux
(vectors; kg/m/s) for July-September of 2004 for the WRF model at 100 km, 25 km, and
10 km resolution (top row) and MERRA and NARR (bottom row).
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Fig. 29. Dierence in seasonal average moisture ux convergence (colors; mm/day) and
moisture ux (vectors; kg/m/s) for July-September, 2004 minus 2000, for the WRF model
at 100 km, 25 km, and 10 km resolution (top row) and MERRA and NARR (bottom row).
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Fig. 30. Seasonal cycle of moisture ux convergence (blue; mm/day), evaporation (orange;
mm/day), and precipitation (grey; mm/day) for July-September 2000 over MEX for the
WRF model at 100 km, 25 km, and 10 km resolution (top row) and MERRA and NARR
(bottom row). A 40-point (5-day) running average was applied to smooth out diurnal vari-
ations.
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Fig. 31. Seasonal cycle of moisture ux convergence (blue; mm/day), evaporation (orange;
mm/day), and precipitation (grey; mm/day) for July-September 2004 over MEX for the
WRF model at 100 km, 25 km, and 10 km resolution (top row) and MERRA and NARR
(bottom row). A 40-point (5-day) running average was applied to smooth out diurnal vari-
ations.
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Fig. 32. Dierence in seasonal cycle of moisture ux convergence (blue; mm/day), evapo-
ration (orange; mm/day), and precipitation (grey; mm/day) for July-September over MEX,
2004 minus 2000, for the WRF model at 100 km, 25 km, and 10 km resolution (top row)
and MERRA and NARR (bottom row). A 40-point (5-day) running average was applied to
smooth out diurnal variations.
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Fig. 33. Seasonal cycle of moisture ux convergence (blue; mm/day), evaporation (orange;
mm/day), and precipitation (grey; mm/day) for July-September 2000 over AZNM for the
WRF model at 100 km, 25 km, and 10 km resolution (top row) and MERRA and NARR
(bottom row). A 40-point (5-day) running average was applied to smooth out diurnal vari-
ations.
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Fig. 34. Seasonal cycle of moisture ux convergence (blue; mm/day), evaporation (orange;
mm/day), and precipitation (grey; mm/day) for July-September 2004 over AZNM for the
WRF model at 100 km, 25 km, and 10 km resolution (top row) and MERRA and NARR
(bottom row). A 40-point (5-day) running average was applied to smooth out diurnal vari-
ations.
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Fig. 35. Dierence in seasonal cycle of moisture ux convergence (blue; mm/day), evapora-
tion (orange; mm/day), and precipitation (grey; mm/day) for July-September over AZNM,
2004 minus 2000, for the WRF model at 100 km, 25 km, and 10 km resolution (top row)
and MERRA and NARR (bottom row). A 40-point (5-day) running average was applied to
smooth out diurnal variations.
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Fig. 36. Seasonal average 700 hPa height (colors; gpm) and winds (vectors; m/s) for July-
September of 2000 for the WRF model at 100 km, 25 km, and 10 km resolution (top row)
and MERRA and NARR (bottom row).
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Fig. 37. Seasonal average 700 hPa height (colors; gpm) and winds (vectors; m/s) for July-
September of 2004 for the WRF model at 100 km, 25 km, and 10 km resolution (top row)
and MERRA and NARR (bottom row).
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Fig. 38. Dierence in seasonal average 700 hPa height (colors; gpm) and winds (vectors;
m/s) for July-September, 2004 minus 2000, for the WRF model at 100 km, 25 km, and
10 km resolution (top row) and MERRA and NARR (bottom row).
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Fig. 39. Seasonal average CAPE for July-September of 2000 for the WRF model at 100 km,
25 km, and 10 km resolution (top row) and MERRA and NARR (bottom row).
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Fig. 40. Seasonal average CAPE for July-September of 2004 for the WRF model at 100 km,
25 km, and 10 km resolution (top row) and MERRA and NARR (bottom row).
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Fig. 41. Dierence in seasonal average CAPE for July-September, 2004 minus 2000, for the
WRF model at 100 km, 25 km, and 10 km resolution (top row) and MERRA and NARR
(bottom row).
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Fig. 42. Seasonal average CIN for July-September of 2000 for the WRF model at 100 km,
25 km, and 10 km resolution (top row) and MERRA and NARR (bottom row).
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Fig. 43. Seasonal average CIN for July-September of 2004 for the WRF model at 100 km,
25 km, and 10 km resolution (top row) and MERRA and NARR (bottom row).
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Fig. 44. Dierence in seasonal average CIN for July-September, 2004 minus 2000, for the
WRF model at 100 km, 25 km, and 10 km resolution (top row) and MERRA and NARR
(bottom row).
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Fig. 45. Average diurnal cycle of rainfall rate (mm/day) over MEX for July-September
of 2000 for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km (grey), and
MERRA (teal), NARR (orange), and TRMM (black). WRF runs are dotted lines; MERRA,
NARR and TRMM are solid lines.
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Fig. 46. Average diurnal cycle of rainfall rate (mm/day) over MEX for July-September
of 2004 for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km (grey), and
MERRA (teal), NARR (orange), and TRMM (black). WRF runs are dotted lines; MERRA,
NARR and TRMM are solid lines.
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Fig. 47. Dierence in the average diurnal cycle of rainfall rate (mm/day) over MEX for
July-September, 2004 minus 2000, for WRF runs at resolution of 100 km (green), 25 km
(purple), 10 km (grey), and MERRA (teal), NARR (orange), and TRMM (black). WRF
runs are dotted lines; MERRA, NARR and TRMM are solid lines.
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Fig. 48. Average diurnal cycle of rainfall rate (mm/day) over AZNM for July-September
of 2000 for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km (grey), and
MERRA (teal), NARR (orange), and TRMM (black). WRF runs are dotted lines; MERRA,
NARR and TRMM are solid lines.
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Fig. 49. Average diurnal cycle of rainfall rate (mm/day) over AZNM for July-September
of 2004 for WRF runs at resolution of 100 km (green), 25 km (purple), 10 km (grey), and
MERRA (teal), NARR (orange), and TRMM (black). WRF runs are dotted lines; MERRA,
NARR and TRMM are solid lines.
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Fig. 50. Dierence in the average diurnal cycle of rainfall rate (mm/day) over AZNM for
July-September, 2004 minus 2000, for WRF runs at resolution of 100 km (green), 25 km
(purple), 10 km (grey), and MERRA (teal), NARR (orange), and TRMM (black). WRF
runs are dotted lines; MERRA, NARR and TRMM are solid lines.
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Fig. 51. Seasonal average rainfall rate (mm/day) throughout the diurnal cycle for July-
September of 2000 for TRMM. Local times are noted on the panels.
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Fig. 52. Seasonal average rainfall rate (mm/day) throughout the diurnal cycle for July-
September of 2004 for TRMM. Local times are noted on the panels.
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Fig. 53. Dierence in seasonal average rainfall rate (mm/day) throughout the diurnal cycle
for July-September, 2004 minus 2000, for TRMM. Local times are noted on the panels.
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Fig. 54. Seasonal average rainfall rate (mm/day) throughout the diurnal cycle for July-
September of 2000 for MERRA. Local times are noted on the panels.
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Fig. 55. Seasonal average rainfall rate (mm/day) throughout the diurnal cycle for July-
September of 2004 for MERRA. Local times are noted on the panels.
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Fig. 56. Dierence in seasonal average rainfall rate (mm/day) throughout the diurnal cycle
for July-September, 2004 minus 2000, for MERRA. Local times are noted on the panels.
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Fig. 57. Seasonal average rainfall rate (mm/day) throughout the diurnal cycle for July-
September of 2000 for NARR. Local times are noted on the panels.
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Fig. 58. Seasonal average rainfall rate (mm/day) throughout the diurnal cycle for July-
September of 2004 for NARR. Local times are noted on the panels.
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Fig. 59. Dierence in seasonal average rainfall rate (mm/day) throughout the diurnal cycle
for July-September, 2004 minus 2000, for NARR. Local times are noted on the panels.
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Fig. 60. Seasonal average rainfall rate (mm/day) throughout the diurnal cycle for July-
September of 2000 for WRF at 25 km resolution. Local times are noted on the panels.
217
Fig. 61. Seasonal average rainfall rate (mm/day) throughout the diurnal cycle for July-
September of 2004 for WRF at 25 km resolution. Local times are noted on the panels.
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Fig. 62. Dierence in seasonal average rainfall rate (mm/day) throughout the diurnal cycle
for July-September, 2004 minus 2000, for WRF at 25 km resolution. Local times are noted
on the panels.
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Fig. 63. Seasonal average rainfall rate (mm/day) throughout the diurnal cycle for July-
September of 2000 for WRF at 10 km resolution. Local times are noted on the panels.
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Fig. 64. Seasonal average rainfall rate (mm/day) throughout the diurnal cycle for July-
September of 2004 for WRF at 10 km resolution. Local times are noted on the panels.
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Fig. 65. Dierence in seasonal average rainfall rate (mm/day) throughout the diurnal cycle
for July-September, 2004 minus 2000, for WRF at 10 km resolution. Local times are noted
on the panels.
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Fig. 66. Seasonal average rainfall rate (mm/day) throughout the diurnal cycle for July-
September of 2000 for WRF at 100 km resolution. Local times are noted on the panels.
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Fig. 67. Seasonal average rainfall rate (mm/day) throughout the diurnal cycle for July-
September of 2004 for WRF at 100 km resolution. Local times are noted on the panels.
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Fig. 68. Dierence in seasonal average rainfall rate (mm/day) throughout the diurnal cycle
for July-September, 2004 minus 2000, for WRF at 100 km resolution. Local times are noted
on the panels.
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Fig. 69. Average diurnal cycle of moisture ux convergence (blue; mm/day), evaporation
(orange; mm/day), and precipitation (grey; mm/day) over MEX for July-September of 2000
for the WRF model at 100 km, 25 km, and 10 km resolution (top row) and MERRA, NARR,
and TRMM (bottom row).
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Fig. 70. Average diurnal cycle of moisture ux convergence (blue; mm/day), evaporation
(orange; mm/day), and precipitation (grey; mm/day) over MEX for July-September of 2004
for the WRF model at 100 km, 25 km, and 10 km resolution (top row) and MERRA, NARR,
and TRMM (bottom row).
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Fig. 71. Dierence in the average diurnal cycle of moisture ux convergence (blue; mm/day),
evaporation (orange; mm/day), and precipitation (grey; mm/day) over MEX for July-
September, 2004 minus 2000, for the WRF model at 100 km, 25 km, and 10 km resolution
(top row) and MERRA, NARR, and TRMM (bottom row).
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Fig. 72. Average diurnal cycle of moisture ux convergence (blue; mm/day), evaporation
(orange; mm/day), and precipitation (grey; mm/day) over AZNM for July-September of
2000 for the WRF model at 100 km, 25 km, and 10 km resolution (top row) and MERRA,
NARR, and TRMM (bottom row).
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Fig. 73. Average diurnal cycle of moisture ux convergence (blue; mm/day), evaporation
(orange; mm/day), and precipitation (grey; mm/day) over AZNM for July-September of
2004 for the WRF model at 100 km, 25 km, and 10 km resolution (top row) and MERRA,
NARR, and TRMM (bottom row).
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Fig. 74. Dierence in the average diurnal cycle of moisture ux convergence (blue; mm/day),
evaporation (orange; mm/day), and precipitation (grey; mm/day) over AZNM for July-
September, 2004 minus 2000, for the WRF model at 100 km, 25 km, and 10 km resolution
(top row) and MERRA, NARR, and TRMM (bottom row).
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Fig. 75. Seasonal average evaporation rate (mm/day) throughout the diurnal cycle for
July-September of 2000 for MERRA. Local times are noted on the panels.
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Fig. 76. Seasonal average evaporation rate (mm/day) throughout the diurnal cycle for
July-September of 2004 for MERRA. Local times are noted on the panels.
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Fig. 77. Dierence in seasonal average evaporation rate (mm/day) throughout the diurnal
cycle for July-September, 2004 minus 2000, for MERRA. Local times are noted on the panels.
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Fig. 78. Seasonal average evaporation rate (mm/day) throughout the diurnal cycle for
July-September of 2000 for NARR. Local times are noted on the panels.
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Fig. 79. Seasonal average evaporation rate (mm/day) throughout the diurnal cycle for
July-September of 2004 for NARR. Local times are noted on the panels.
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Fig. 80. Dierence in seasonal average evaporation rate (mm/day) throughout the diurnal
cycle for July-September, 2004 minus 2000, for NARR. Local times are noted on the panels.
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Fig. 81. Seasonal average evaporation rate (mm/day) throughout the diurnal cycle for
July-September of 2000 for WRF at 25 km resolution. Local times are noted on the panels.
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Fig. 82. Seasonal average evaporation rate (mm/day) throughout the diurnal cycle for
July-September of 2004 for WRF at 25 km resolution. Local times are noted on the panels.
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Fig. 83. Dierence in seasonal average evaporation rate (mm/day) throughout the diurnal
cycle for July-September, 2004 minus 2000, for WRF at 25 km resolution. Local times are
noted on the panels.
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Fig. 84. Seasonal average evaporation rate (mm/day) throughout the diurnal cycle for
July-September of 2000 for WRF at 10 km resolution. Local times are noted on the panels.
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Fig. 85. Seasonal average evaporation rate (mm/day) throughout the diurnal cycle for
July-September of 2004 for WRF at 10 km resolution. Local times are noted on the panels.
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Fig. 86. Dierence in seasonal average evaporation rate (mm/day) throughout the diurnal
cycle for July-September, 2004 minus 2000, for WRF at 10 km resolution. Local times are
noted on the panels.
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Fig. 87. Seasonal average evaporation rate (mm/day) throughout the diurnal cycle for
July-September of 2000 for WRF at 100 km resolution. Local times are noted on the panels.
244
Fig. 88. Seasonal average evaporation rate (mm/day) throughout the diurnal cycle for
July-September of 2004 for WRF at 100 km resolution. Local times are noted on the panels.
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Fig. 89. Dierence in seasonal average evaporation rate (mm/day) throughout the diurnal
cycle for July-September, 2004 minus 2000, for WRF at 100 km resolution. Local times are
noted on the panels.
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Fig. 90. Seasonal average moisture ux convergence (mm/day; color lls) and moisture
ux (kg/m/s; vectors) throughout the diurnal cycle for July-September of 2000 for MERRA.
Local times are noted on the panels.
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Fig. 91. Seasonal average moisture ux convergence (mm/day; color lls) and moisture
ux (kg/m/s; vectors) throughout the diurnal cycle for July-September of 2004 for MERRA.
Local times are noted on the panels.
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Fig. 92. Dierence in seasonal average moisture ux convergence (mm/day; color lls)
and moisture ux (kg/m/s; vectors) throughout the diurnal cycle for July-September, 2004
minus 2000, for MERRA. Local times are noted on the panels.
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Fig. 93. Seasonal average moisture ux convergence (mm/day; color lls) and moisture ux
(kg/m/s; vectors) throughout the diurnal cycle for July-September of 2000 for NARR. Local
times are noted on the panels.
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Fig. 94. Seasonal average moisture ux convergence (mm/day; color lls) and moisture ux
(kg/m/s; vectors) throughout the diurnal cycle for July-September of 2004 for NARR. Local
times are noted on the panels.
251
Fig. 95. Dierence in seasonal average moisture ux convergence (mm/day; color lls)
and moisture ux (kg/m/s; vectors) throughout the diurnal cycle for July-September, 2004
minus 2000, for NARR. Local times are noted on the panels.
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Fig. 96. Seasonal average moisture ux convergence (mm/day; color lls) and moisture
ux (kg/m/s; vectors) throughout the diurnal cycle for July-September of 2000 for WRF at
25 km resolution. Local times are noted on the panels.
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Fig. 97. Seasonal average moisture ux convergence (mm/day; color lls) and moisture
ux (kg/m/s; vectors) throughout the diurnal cycle for July-September of 2004 for WRF at
25 km resolution. Local times are noted on the panels.
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Fig. 98. Dierence in seasonal average moisture ux convergence (mm/day; color lls)
and moisture ux (kg/m/s; vectors) throughout the diurnal cycle for July-September, 2004
minus 2000, for WRF at 25 km resolution. Local times are noted on the panels.
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Fig. 99. Seasonal average convective available potential energy (CAPE; J/kg) throughout
the diurnal cycle for July-September of 2000 for MERRA. Local times are noted on the
panels.
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Fig. 100. Seasonal average convective available potential energy (CAPE; J/kg) throughout
the diurnal cycle for July-September of 2004 for MERRA. Local times are noted on the
panels.
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Fig. 101. Dierence in seasonal average convective available potential energy (CAPE; J/kg)
throughout the diurnal cycle for July-September, 2004 minus 2000, for MERRA. Local times
are noted on the panels.
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Fig. 102. Seasonal average convective available potential energy (CAPE; J/kg) throughout
the diurnal cycle for July-September of 2000 for NARR. Local times are noted on the panels.
259
Fig. 103. Seasonal average convective available potential energy (CAPE; J/kg) throughout
the diurnal cycle for July-September of 2004 for NARR. Local times are noted on the panels.
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Fig. 104. Dierence in seasonal average convective available potential energy (CAPE; J/kg)
throughout the diurnal cycle for July-September, 2004 minus 2000, for NARR. Local times
are noted on the panels.
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Fig. 105. Seasonal average convective available potential energy (CAPE; J/kg) throughout
the diurnal cycle for July-September of 2000 for WRF at 25 km resolution. Local times are
noted on the panels.
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Fig. 106. Seasonal average convective available potential energy (CAPE; J/kg) throughout
the diurnal cycle for July-September of 2004 for WRF at 25 km resolution. Local times are
noted on the panels.
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Fig. 107. Dierence in seasonal average convective available potential energy (CAPE; J/kg)
throughout the diurnal cycle for July-September, 2004 minus 2000, for WRF at 25 km
resolution. Local times are noted on the panels.
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Fig. 108. Dierence in seasonal average convective available potential energy (CAPE; J/kg)
throughout the diurnal cycle for July-September, 2004 minus 2000, for WRF at 10 km
resolution. Local times are noted on the panels.
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Fig. 109. Dierence in seasonal average convective available potential energy (CAPE; J/kg)
throughout the diurnal cycle for July-September, 2004 minus 2000, for WRF at 100 km
resolution. Local times are noted on the panels.
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Fig. 110. Seasonal average convective inhibition (CIN; J/kg) throughout the diurnal cycle
for July-September of 2000 for MERRA. Local times are noted on the panels.
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Fig. 111. Seasonal average convective inhibition (CIN; J/kg) throughout the diurnal cycle
for July-September of 2004 for MERRA. Local times are noted on the panels.
268
Fig. 112. Dierence in seasonal average convective inhibition (CIN; J/kg) throughout the
diurnal cycle for July-September, 2004 minus 2000, for MERRA. Local times are noted on
the panels.
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Fig. 113. Seasonal average convective inhibition (CIN; J/kg) throughout the diurnal cycle
for July-September of 2000 for NARR. Local times are noted on the panels.
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Fig. 114. Seasonal average convective inhibition (CIN; J/kg) throughout the diurnal cycle
for July-September of 2004 for NARR. Local times are noted on the panels.
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Fig. 115. Dierence in seasonal average convective inhibition (CIN; J/kg) throughout the
diurnal cycle for July-September, 2004 minus 2000, for NARR. Local times are noted on the
panels.
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Fig. 116. Seasonal average convective inhibition (CIN; J/kg) throughout the diurnal cycle
for July-September of 2000 for WRF at 25 km resolution. Local times are noted on the
panels.
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Fig. 117. Seasonal average convective inhibition (CIN; J/kg) throughout the diurnal cycle
for July-September of 2000 for WRF at 10 km resolution. Local times are noted on the
panels.
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Fig. 118. Seasonal average convective inhibition (CIN; J/kg) throughout the diurnal cycle
for July-September of 2000 for WRF at 100 km resolution. Local times are noted on the
panels.
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Fig. 119. Seasonal average convective inhibition (CIN; J/kg) throughout the diurnal cycle
for July-September of 2004 for WRF at 25 km resolution. Local times are noted on the
panels.
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Fig. 120. Dierence in seasonal average convective inhibition (CIN; J/kg) throughout the
diurnal cycle for July-September, 2004 minus 2000, for WRF at 25 km resolution. Local
times are noted on the panels.
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